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ABSTRACT 
 
Author:  Tao Zhang 
Title:  Laser Surface Hardening of Alloy Steel 
 
The laser surface hardening process will enhance the hardness profile of automotive 
components and ensure better process control and predictability of quality as compared to 
the conventional hardening processes. A 2KW Nd-YAG laser system was used to harden 
the surface of alloy steel with various process parameters (laser power, focal spot diameter 
and beam velocity). The results (microhardness, microstructure change and residual stress 
distribution) were measured and analyzed with Vickers microhardness tester, 
optical/electron microscope and hole-drilling residual stress equipment.  
 
Statistical analyses of the experimental data were used for explaining the relationships 
between process parameters, microhardness and microstructure. General thermal hardening 
was applied in the research to show the influence of heating temperature and cooling 
method on microstructure and mechanical properties. Also, the results were compared with 
laser surface hardening process from microhardness, microstructure and residual stress to 
show the advantage of laser surface hardening. Through analysis of the results of the laser 
surface hardening experiments, a suitable laser power density and interaction time for 
optimum hardening was obtained. The presented laser surface hardening process can also 
be applied to other alloy steel surface hardening process. 
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GLOSSARY OF TERMS 
 
A 
Alloy  
A substance having metallic properties and being composed of two or more chemical 
elements of which at least one is a metal. 
 
Alloy Element 
An element added to and remaining in a metal that changes structure and properties. 
 
Alloy Steel 
Steel containing specified quantities of alloy elements (other than carbon and the 
commonly accepted amounts of manganese, copper, silicon, sulfur, and phosphorus) 
within the limits recognized for constructional alloy steel, added to effect changes in 
mechanical or physical properties. 
 
Austenite 
A solid solution of one or more elements in face-centered cubic iron. Unless otherwise 
designated, the solute is generally assumed to be carbon. 
 
B 
Brinell Hardness Test 
A test for determining the hardness of a material by forcing a hard steel or carbide ball 
of specified diameter into it under a specified load. 
 
C 
Cementite 
A compound of iron and carbon, know chemically as iron carbide and having the 
approximate chemical formula Fe3C. 
  xxii 
D 
Deformation 
A change in the form of a body due to stress, thermal change in moisture, or other 
causes. 
 
E 
Etching 
Subjecting the surface of a metal to preferential chemical or electrolytic attack in 
order to reveal structural details for metallographic examination. 
 
F 
Fatigue 
Tendency of materials to fracture under many repetitions of a stress considerably less 
than the ultimate static strength. 
 
Ferrite 
A solid solution of one or more elements in body-centered cubic iron. 
 
Flame Hardening 
A process for hardening the surface of hardenable ferrous alloys in which an intense 
flame is used to heat the surface layers above the upper transformation temperature, 
whereupon the workpiece is immediately quenched. 
 
G 
Gauge 
The thickness of sheet or the diameter of wire. The various standards are arbitrary and 
differ with regard to ferrous and non-ferrous products as well as sheet and wire. Or 
referring to a strain gauge. 
 
 
  xxiii 
Grain 
An individual crystal in a polycrystalline material; it may or may not contain twinned 
regions and subgrains. 
 
Grain Growth 
An increase in the grain size of a metal usually as a result of heating at an elevated 
temperature. 
 
H 
Hardenability 
The relative ability of a ferrous alloy to form martensite when quenched from a 
temperature above the upper critical temperature. 
 
Hardening 
Increasing hardness of metals by suitable treatment, usually involving heating and 
cooling.  
 
Hardness 
A measure of the resistance of a material to surface indentation or abrasion; may be 
thought of as a function of the stress required to produce some specified type of 
surface deformation.  
 
Heat Treatment 
Heating and cooling a solid metal or alloy in such a way as to obtain desired 
conditions or properties. Heating for the sole purpose of hot working is excluded from 
the meaning of this dedinition. 
 
I 
Induction Hardening 
A surface hardening process in which only the surface layer of a suitable ferrous 
  xxiv 
workpiece is heated by electromagnetic induction to above the upper critical 
temperature and immediately quenched. 
 
Induction Heating 
Heating by combined electrical resistance and hysteresis losses induced by subjecting 
a metal to the varying magnetic filed surrounding a coil carrying alternating current. 
 
K 
Knoop Hardness 
Microhardness determined from the resistance of metal to indentation by a pyramidal 
diamond indenter, having edge angles of 172°30’ and 130°, making a rhombohedral 
impression with one long and one short diagonal. 
 
L 
Laser Power Density 
The power per unit acreage of laser beam. 
 
M 
Machining 
Removing material from a metal part, usually using a cutting tool, and usually using a 
power-driven machine. 
 
Magnification 
The ratio of the length of a line in the image plane. 
 
Martensite  
A generic term for microstructures formed by diffusionless phase transformation in 
which the parent and product phases have a specific crystallographic relationship. 
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Microhardness 
The hardness of a material as determined by forcing an indenter into surface of a 
material under very light load (1-1000 gf); Usually, the indentations are so small that 
they must be measured with a microscope. Capable of determining hardnesses of 
different microconstituents within a structure, or of measuring steep hardness 
gradients such as those encountered in case hardening. Microhardness tests can be 
performed with either Knoop or Vickers indenters. 
 
Microstructure 
The structure of an object, organism, or material as revealed by a microscope at 
magnifications greater that 25 . 
 
N 
Normalizing 
Consists of heating a ferrous alloy to a suitable temperature, above its specific upper 
transformation temperature. This is followed by cooling in still air to at least some 
temperature well below its transformation temperature range.  
 
P 
Pearlite 
A metastable eutectoid-transformation product consisting of alternating lamellae of 
ferrite and cementite resulting from the transformation of austenite at temperatures 
above the bainite tange. 
 
Phase 
A physically homogeneous and distinct portion of a material system 
 
Poisson’s Ratio 
The ratio of lateral unit strain to longitudinal unit strain under the condition of 
  xxvi 
uniform and uniaxial longitudinal stress within the proportional limit. 
 
Polishing 
Smoothing metal surfaces, often to a high luster, by rubbing the surface with a fine 
abrasive, usually contained in a cloth or other soft lap. 
 
Q 
Quenching 
Rapid cooling of metals from a suitable elevated temperature. This generally is 
accomplished by immersion in water, oil, polymer solution, or salt, although forced 
air is sometimes used. 
 
R 
Relieved 
Allowing for freedom of movement or relaxation. 
 
Residual Stress 
Stresses inherent in a component prior to service loading conditions or the stress 
present in a body that is free of external forces or thermal gradients. 
 
S 
Scanning Electron Microscope 
An electron microscope in which the image is formed by a beam operating in 
synchronism with an electron probe scanning the object. 
 
Strain 
A measure of the deformation of a body acted upon by external forces and can be 
expressed as a change in dimension per unit of original dimension or in the case of 
shear as a change in angle between two initially perpendicular planes. 
 
  xxvii 
Strain Rosettes 
A combination of three strain gauges set along three axes, usually at 45° or 60°, with 
each other-used to determine strain at a point of a surface when the strain directions 
are unknown. 
 
Stress 
Load applied to a piece of material tends to cause deformation which is resisted by 
internal force set up within the material which are referred to as stresses. The intensity 
of the stress is estimated as the force acting on unit area of the cross-section, namely 
as Newtons per square metre of Pascals. 
 
T 
Transformation Temperature 
The temperature at which phase changes occur during the heating of iron and steels 
 
V 
Vickers hardness test 
A common method of determining the hardness of metals by indenting them with a 
diamond pyramid under a specified load and measuring the size of the impressions 
produced. 
 
Y 
Yield Point 
The stress at which a substantial amount of plastic deformation takes place under 
constant or reduced load. This sudden yielding is a characteristic of iron and annealed 
steels. 
 
Yield Stress 
The stress at the onset of plastic deformation determined from the yield point or from 
a defined amount of plastic strain called the proof stress. 
  xxviii 
Young’s Modulus 
The ratio (E) of the tensile stress (σ) to the tensile strain (e) in a linear elastic material 
at loads less than the elastic limit of the material. 
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Chapter 1 
Introduction 
1.1 Introduction 
Laser surface hardening (LSH) is a metal surface treatment process, which is 
regarded as a complementary method to the conventional induction hardening 
process. This process will have an influence on the design, engineering and 
manufacturing of passenger vehicles in the future. A laser is a device that emits a 
narrow beam of light which can be used to perform a variety of different processes, 
e.g. high speed cutting, joining, machining of hard and brittle materials, etc. The 
primary physical principle of this method is to use a high power laser beam to heat 
the alloy steel, in order to change its microstructure to harden the material. The 
process is in the forefront of new technological development. 
 
1.2 Problem Statement 
For the LSH process to become a competitive manufacturing process, it needs to be 
accurately controlled in order to ensure optimum mechanical properties. Therefore, 
this project will investigate the effect of laser surface hardening on the structural 
integrity of an automotive steel alloy. 
 
1.3 Statement of Subproblems 
l  In order to optimize the process, the effect of various laser settings on the depth 
and width of hardening needs to be investigated. 
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l  It is necessary to determine the effect of laser power and scanning speed on the 
structural integrity of the steel. 
 
l  It is imperative too to determine the effect of the hardening scanning cycle on 
the microstructural changes associated with hardening. 
 
l  Microhardness profiling of the heated zone must be undertaken to establish the 
increase in hardness and to identify the possibility of metallurgical notches. 
 
l  Evaluation of residual stresses set up in the component due to phase 
transformation and heating pattern must be done in order to determine their 
magnitude and direction of such stresses as it will influence subsequent design 
criteria. 
 
1.4 Hypotheses 
The laser surface hardening process will enhance the hardness profile of automotive 
components, and ensure better process control and predictability of quality 
compared to the conventional hardening processes. The extreme hardness of the 
martensitic microstructure will provide improved mechanical properties such as 
wear resistance and increased strength. Owing to compressive residual stresses 
introduced to the hardened surface, fatigue properties will be vastly improved. This 
will result in the wider use of laser surface hardening on automotive components 
while improving the performance and life of the component. 
 
1.5 Delimitation of research 
The research project will only consider the effect of laser surface hardening on one 
alloy steel. The laser surface hardening process will employ a 2kW Nd-YAG laser. 
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Distortion of the plate samples will not be measured as it has been shown in 
literature and preliminary studies to be negligible when doing single line scan 
heating cycles. 
 
1.6 Assumptions of research 
It is assumed that different types of lasers will have the same effect on the material 
as the Nd-YAG laser provided the same maximum hardening temperature is reached. 
Experiments will be conducted on plate specimens and it is assumed that the results 
will be applicable to other geometric shapes. 
 
1.7 The significance of the research 
l  In this research, the main purpose of this project was to investigate the laser 
surface hardening process on a microstructure level, and optimize the process of 
laser hardening. This research quantified laser hardening in terms of 
microstructural changes that take place during the hardening process. 
 
l  Another significant aspect of this research has shown that conventional 
induction hardening has a shortcoming that is the associated dimensional change 
that is experienced by certain components. When alloy steel is being hardened 
by this method a quenching medium like water and oil is used. The quenching 
process will cause the workpiece to undergo a small dimensional change in the 
hardened zone. If the change is beyond a critical value of a shaft, it will be an 
inferior quality. A good quality shaft needs not only to have sufficient hardness 
but also the smallest dimensional change. The laser surface hardening process, 
which will reduce the dimensional change in the hardened zone is easy to 
control. Therefore this research is of practical significance. 
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l  Another significant factor is the hardening efficiency. Conventional induction 
hardening takes a long time to harden steel. After heating the materials, it needs 
to be kept in quenching medium for hardening. Sometimes the materials should 
be put into more than one kind of quenching medium to be hardened which 
makes the process difficult to control. The laser surface hardening process just 
uses the heat of a laser beam, which is on the surface of the workpiece after 
which the workpiece is quenched by its own interior cooler material 
(self-quenching). This leads to time saving, especially during mass production. 
As a result, it greatly improves efficiency. 
 
Production efficiency is directly related to value and profit. Therefore from this 
point of view, this research has economic significance. 
 
l  Laser surface hardening is a clean hardening method. It does not use any 
quenching medium. Therefore it avoids environmental pollution.  
 
The laser surface hardening process is a very practical technique to use in 
industry, and will add immense value to the South Africa manufacturing 
industry. 
 
1.8 Methodological Justification 
Before the main research experiments were conducted, laser surface hardening 
parameters were established. These included: laser output power (800W and 1200W) 
and laser head velocity. Thereafter laser surface hardening trials were carried out on 
plate specimens. 
 
Experiments were performed on the same alloy steel plates (90mm×45mm×5mm) 
with various laser power and scanning speed. The same type of alloy steel will be 
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used for a conventional hardening process (furnace hardening) to compare with LSH 
results. Residual stress, hardness and depth of hardening tests were carried out for 
each sample and the results were recorded after testing. The resultant structures 
including grain structure and microstructure were analyzed by optical microscopy in 
order to examine the magnitude of difference. A recommendation was made and 
undertaken with regard to the optimum laser process parameters for hardening.  
The various steps of the research project are shown in Figure 1.1. 
 
 
Figure 1.1: Flow diagram of research conducted 
 
1.9 Summary 
The research will obtain an optimum set of processing parameters to improve laser 
surface hardening on the particular type of alloy steel as a possible production stage. 
Testing Residual stress 
Hardness 
Depth of hardening 
Observation Grain structure 
Microstructure 
Alloy steel plates 
Residual stress 
Hardness 
Grain structure 
Microstructure 
Conclusions and Recommendations 
Documentation 
Analysis of Results 
Laser surface hardening 
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The study enabled the researcher to reach a well-defined conclusion of residual 
stress distribution in the laser surface hardening region, the effect of heating 
temperature on microstructure and hardness, and the associated microstructure 
transformation in normalizing treatment, quench hardening and laser surface 
hardening. 
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Chapter 2 
Literature Review 
2.1 Introduction 
Surface hardening is a process which includes a wide variety of techniques used to 
improve the wear resistance of parts without affecting the softer but tough interior of 
the part. This combination of hard surface and tough core is useful in parts such as a 
cam or ring gear that must have a very hard surface to resist wear, along with a tough 
interior to resist the impact that occurs during operation. Further, the surface 
hardening of alloy steels has an advantage over through hardening because less 
expensive low-carbon and medium-carbon alloy steels can be surface hardened 
without the problems of distortion and cracking associated with the through hardening 
of thick sections. 
 
2.2 Surface Hardening Methods[1] 
There are two methods in surface hardening: they are selective hardening and 
diffusion hardening. 
 
2.2.1 Selective Hardening 
Carbon steels that have a minimum carbon content of 0.4%, or alloy steels with a 
lower carbon content (hardenable stainless steels with only 0.1% carbon), can be 
selectively hardened in specific regions by applying heat and quench only to those 
regions. Parts that benefit by flame hardening include gear teeth, bushings etcetera.  
The method only changes the structure of the material and not the chemical 
composition. It includes laser surface hardening, induction hardening, flame 
hardening and electron beam hardening. 
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2.2.2 Diffusion Hardening 
This method includes carburizing, nitriding and carbonitriding. The carbon content in 
the steel determines whether it can be directly hardened. If the carbon content is low 
(less than 0.25% for example) then an alternate means exists to increase the carbon 
content of the surface. The part can then be heat-treated by either quenching in liquid 
or cooling in still air, depending on the properties desired. It should be noted that this 
method will only allow hardening on the surface, but not in the core, because the high 
carbon content is only on the surface. This is sometimes very desirable because it 
allows for a hard surface with good wear properties (as on gear teeth), but has a tough 
core that will perform well under impact loading. 
 
2.3 Industrial Applications of Lasers 
Laser processing covers a range of operations in industrial material processing, such 
as cutting, drilling, welding, scribing, annealing and hardening. There are a large 
number of laser types that can perform one or more of these operations. Lasers serve 
as sources of intense thermal energy for the majority processing methods. In order to 
effectively transfer laser energy to material processing, a close compatibility must 
exist between the laser beam and the material. This property is mainly dependent on 
the wavelength of the laser beam used for the particular process[1]. 
 
The foremost advantages of laser material processing versus conventional 
manufacturing processes are: 
 
l  They are straightforward to manage and computerize; 
l  No expensive tools are required; 
l  Non-contact manufacturing process; 
l  No tool wear; 
l  Low heat input on the workpiece due to the very concentrated energy density at 
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the machining point; 
l  High processing speed with good repeatability; 
l  Very hard, brittle or soft materials can be processed; 
l  Almost any shape can be machined by the laser when connected to a suitable 
CNC system; 
l  Totally different processing geometries are possible without the need to change 
the tool; 
l  Minimum non-productive times owing to instantaneous response of the beam; 
l  Flexibility when compared to different production methods; 
l  Easy incorporation into conventional manufacturing processes; 
 
These advantages may already offer sufficient reason for the use of lasers in 
manufacturing processes, but only technological and financial advantages resulting 
from specific applications can provide the foundation for investment decisions[1]. 
 
2.3.1 Laser Cutting and Drilling 
Laser cutting and drilling can be performed on metals, plastics, ceramics, textiles, 
cloths and even glass when its surface is coated with a radiation-absorbing material 
such as carbon and soot. For cutting and drilling, a long focal-length lens is used in 
order to produce a narrow kerf and to reduce the tendency for the cut or the drilled 
hole from becoming beveled. To correct or avoid the latter situation, a gas-jet-assisted 
laser beam can be used, the gas being either an inert gas, such as helium or argon, or a 
reactive gas such as oxygen. The inert gas is employed when the material is prone to 
burn or oxidize; such materials are cloths or plastics. Oxygen is used to obtain an 
exothermic reaction with metals to produce a clean-cut kerf and rapid rate of cutting 
or drilling. A gas-jet-assisted cutting or drilling process is shown in Figure 2.1 
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Figure 2.1: Scheme for cutting or drilling with a gas-jet-assisted laser beam 
 
The hole drilling mechanism consists of elevating the temperature of the surface to be 
drilled by incident laser beam at a rate approaching 1010 degrees Kelvin per second, 
vaporizing the hole area to a depth of several microns, and melting the metal below 
the vaporized layer. The molten mass in the hole forms an enormously high pressure 
resulting in the expulsion of the molten and vaporized material in a plume. This 
process continues until the remainder of the material in the processed hole is ejected 
from the hole; all this action occurs in the course of a fraction of a second. The plume 
thus formed also removes any debris due to solidified particles at the edges of the hole, 
leaving behind a clean-cut aperture. Cutting materials with the laser beam also 
undergo the same procedure, and when the process is oxygen-jet assisted, cutting rates 
can rapidly increase, depending on the thickness and the type of material cut. Figure 
2.2 illustrates the configurations of laser-drilled holes[2]. 
 
Laser 
Mirror 
Laser beam 
Gas 
Workpiece 
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Figure 2.2: Hole configurations by different drilling methods 
 
2.3.2 Laser Welding of Materials 
Welding materials with a laser beam require more precise control of the input laser 
power than is necessary for drilling. Accurate positioning of the specimen with respect 
to the laser beam is also important, although the same system that is used for cutting 
and drilling can be used for welding too. For laser welding, based on melting, the 
beam needs to be focused to produce an incident power density at the workpiece 
surface that is sufficient to initiate vaporization. A narrow, deeply penetrating vapour 
cavity is then formed by multiple internal reflection of the beam. 
 
When the materials to be welded are thin, for example, from a fraction of a millimeter 
to several millimeters, a short focal-length lens, such as 10 to 15 millimeter focal 
length should be used in order to produce a large focus area. With thicker materials, 
such as one millimeter to several millimeters of thickness, a long focal-length lens 
should be used because a short focal-length lens may not drive the laser beam deep 
enough into the material; however, the focal area should be large enough for the 
material to join effectively. This means, the laser power should be raised to 
compensate for the large area. With a given, properly scheduled electrical parameter 
condition, the distance between the lens and the workpiece influences the character of 
the weld that can be obtained. This statement is illustrated in Figure 2.3[3]. 
 
A. When the focus of the beam is below the thickness of the material to be welded, 
Gas-jet assisted with 
long focal-length lens 
Long-focal-length 
lens alone 
Short-focal-length 
lens alone 
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one obtains a hole, as shown in A 
 
B. As the focus is raised slightly but still halfway of the thickness of the lower sheet, 
a weld is obtained with a hole in its center, as shown in B 
 
C. When the focus of the beam is exactly at midway of the two sheets being welded, 
a properly structured weld is produced, as shown in C 
 
D. As the beam focus is raised so that the focus of the beam is incident in the surface 
of the top-sheet material, a convex weld with an apex in its center is formed, as 
shown in D. 
 
E. As the focus is continued to be raised so that it is above the upper sheet, a slight 
fusion of the upper layer occurs with no effect on the bottom layer, as shown in E. 
 
F. When the beam focus is further away from the upper sheet, the heat from the 
beam causes a slight heat-affected area, and the laser beam dissipates in the air by 
reflection from the surface, the reflection originating from the diverged portion of 
the beam incident on the material, as shown in F. 
 
Consequently, these indications are evidence to the fact that the lens-specimen 
distance relationship is critical. This condition may also vary from one operator to 
another; that is, one operator may correctly focus the beam while another may not. 
Any incorrectly welded nugget can only be seen by metallurgical sectioning of the 
weld nugget[2]. 
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Figure 2.3: The configuration of focal spots obtained with varying distances between the lens 
and the specimen 
 
2.3.3 Laser Marking 
Laser marking is a process whereby serial numbers or other identification, including 
logos, is placed on parts by evaporating a small amount of material with a pulsed CO2 
or Nd-YAG laser.  A 10 W average power Nd-YAG laser Q-switched by an 
acousto-optical modulator is capable of marking any material not transparent to the 
A  A B C 
D E F 
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radiation. Most modern systems average over 50 W. Even transparent materials, such 
as acrylic, can be marked if a suitable absorbing material is placed in or on the part. 
The anodization can be cleanly removed from anodized aluminum, for example, 
leaving bright, undamaged aluminum with 8 W average power and a pulse rate of 
1000 HZ. The marking or engraving speed is about 5 cm/s with the beam defocused 
close to 6 mm to widen the lines[4]. 
 
2.3.4 Cladding 
Laser cladding is a melting process in which the laser beam is used to face an alloy 
addition onto a substrate. The alloy may be introduced into the beam-material 
interaction zone in various ways, either during or prior to processing. Alloy powder is 
blown into the laser beam and is deposited as a molten coating on the base material. 
Very little of the substrate is melted and therefore a clad with the nominal alloy 
compositions is created. Surface properties can then be tailored to a given application 
by selecting an alloy with good wear, erosion, oxidation or corrosion properties.  
 
 
Figure 2.4: Illustrations of (a) predeposition and (b) co-deposition of an alloy powder for 
laser cladding 
Beam traverse Beam traverse 
Powder 
delivery 
Component Component 
Clad Powder bed Clad 
Clad Powder bed Clad 
a b 
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The alloy addition may be introduced either before laser processing (predeposition) or 
during processing (co-deposition). If the alloy is predeposited, the melt front moves 
rapidly through the addition until it reach the interface with the substrate. A small part 
of the substrate melts and dilutes the alloy, as illustrated in Figure 2.4(a). The 
substrate then acts as an efficient thermal sink, causing rapid solidification. If the 
alloy is co-deposited, a part of the laser beam melts the addition, and a part melts the 
substrate, as illustrated in Figure 2.4(b). In both cases, a strong metallurgical bond is 
formed between the alloy and the substrate. Under optimum conditions, dilutions of 
the clad by the substrate are low, typically about 5%[3]. 
 
2.3.5 Material Removal 
A variety of three-dimensional structures can be shaped by laser technology 
employing almost any material. Lasers are used industrially for large-area removal of 
varnishes, coatings and impurities as well as the removal of material from natural 
stone, e.g. cleaning of limestone monuments[1]. 
 
2.3.6 Laser Soldering 
When joining very small metallic components (10-200  m), problem are often 
experienced that cannot be solved by conventional methods. Soldering is the best 
joining method to use in these cases. Soldering can be divided into brazing (T>800 ) 
and soft soldering (T<230 ). During soldering, laser light is employed to melt an 
additional material with a considerably lower melting temperature than that of the 
component’s material to be joined. High process repeatability can be achieved for 
laser beam soldering if the laser power and beam interaction time is controlled. The 
process is controlled by monitoring the surface temperature as a function of time[1]. 
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2.4 Laser Surface Hardening (LSH) 
2.4.1 Introduction 
Laser surface hardening is used as an alternative to flame hardening and induction 
hardening ferrous materials. The rapid heating rate achievable by the laser minimizes 
part distortion and can impart surface hardness to low-carbon steels. The ability to 
locate the laser some distance from the workpiece can also be advantageous. The 
entire operation can be performed in air. This process is used to harden selected areas 
of machine components, such as gears, cylinders, bearings, and shafts[5]. 
 
2.4.2 Laser Principle 
The acronym L A S E R is derived from the expression Light Amplification by 
Stimulated Emission of Radiation. Laser action begins with the establishment of a 
population inversion by the excitation process. 
 
2.4.2.1 Population Inversion 
 
Figure 2.5: Two-level energy level scheme  
 
Assume there is a group of N atoms, each of which is capable of being in one of two 
energy states (see Figure 2.5), either: 
1. The ground state, with energy E1; 
Equilibrium Inverted 
E2 
E1 
E2 
E1 
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2. The excited state, with energy E2, with E2>E1.  
 
The number of these atoms which is in the ground state is given by N1, and the 
number in the excited state N2. Since there are N atoms in total, 
 
N1 + N2 = N              Equation (2.1) 
 
The energy difference between the two states is given by 
 
∆E = E2 − E1              Equation (2.2) 
 
And determines the characteristic frequency  21 of light which will interact with the 
atoms; This is given by the relation 
 
E2 − E1 = ∆E = h 21             Equation (2.3) 
 
h being Planck's constant. 
 
If the group of atoms is in thermal equilibrium, it can be shown from thermodynamics 
that the ratio of the number of atoms in each state is given by a Boltzmann 
distribution: 
kT
EE
N
N )(
exp 12
1
2 −−
=           Equation (2.4) 
where T is the temperature of the group of atoms, and k is Boltzmann's constant. 
 
Normal population occurs naturally. However, a distribution can be disturbed 
artificially, such as when the number of species occupying higher energy levels 
exceeds that of a lower level, (see Figure 2.5). This may be achieved by exciting the 
population by using an external energy source. A population inversion has thus 
created a prerequisite for laser light generation. A driving force now exists for energy 
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to be released from the system. In the case of a laser, this energy is released in the 
form of light. Note the contrast between creating a population inversion and the effect 
of merely raising the temperature of the system; in the latter case the 
Maxwell-Boltzmann distribution is maintained, and so a driving force for the release 
of energy is not created. 
 
A population inversion refers to a nonequilibrium situation in which N2 > N1. It 
occurs as a result of the excitation process and has been referred to as a “negative 
temperature” situation because Equation 2.1 can only be made to predict N2 > N1 if T 
is negative. This was an attempt to fit a thermal equilibrium result to a nonequilibrium 
condition. A population inversion is absolutely necessary for amplification of light to 
occur. 
 
2.4.2.2 Stimulated Emission 
A population inversion may be achieved by using a variety of energy sources to excite 
the species. In this research a Nd-YAG laser system was used, so the species should 
be excited by optical pumping.  
 
    
Figure 2.6: Schematic of solid laser[6] 
 
A laser is composed of an active laser medium, or gain medium, and a resonant 
optical cavity. If an atom is already in the excited state, it may be perturbed by the 
1. Active laser medium 
2. Laser pumping energy 
3. Mirror 
4. Partial mirror 
5. Laser beam 
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passage of a photon which has a frequency  21 (the characteristic frequency) 
corresponding to the energy gap ∆E of the excited state to ground state transition. In 
this case, the excited atom relaxes to the ground state, and is induced to produce a 
second photon of frequency  21. The original photon is not absorbed by the atom, and 
so the result is two photons of the same frequency. This process is known as 
stimulated emission. The rate at which stimulated emission occurs is proportional to 
the number of atoms N2 in the excited state, and the radiation density of the light. 
 
The light generated by stimulated emission is very similar to the input signal in terms 
of wavelength, phase, and polarization. This gives laser light its characteristic 
coherence, and allows it to maintain the uniform polarization and monochromaticity. 
 
2.4.2.3 Amplification 
The critical detail of stimulated emission is that the induced photon has the same 
frequency and phase as the inducing photon. In other words, the two photons are 
coherent. It is this property that allows optical amplification, and the production of a 
laser system. During the operation of a laser, all three light-matter interactions 
described above are happening. Initially, atoms are energized from the ground state to 
the excited state by a process called pumping. Some of these atoms decay via 
spontaneous emission, releasing incoherent light as photons of frequency  . These 
photons are fed back into the laser medium, usually by an optical resonator. Some of 
these photons are absorbed by the atoms in the ground state, and the photons are lost 
to the laser process. However, some photons cause stimulated emission in 
excited-state atoms, releasing another coherent photon. In effect, this results in optical 
amplification. 
 
If there are no losses in a medium with an inverted population, the growth in radiation 
would be geometrical. This situation is illustrated for the usual linear laser or 
amplifier arrangement in Figure 2.7. As can be seen, the first photon creates one more; 
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these two, in turn, produce four, which, in turn, produce eight and so on. A 
geometrical growth implies that there will be a fixed fractional increase in the number 
of photons per unit length of the medium. 
 
Figure 2.7: Optical Amplifier 
 
2.4.2.4 Three and Four energy-level  
As described above, a population inversion is required for laser operation, but cannot 
be achieved in our theoretical group of atoms with two energy-levels when they are in 
thermal equilibrium. In fact, any method by which the atoms are directly and 
continuously excited from the ground state to the excited state (such as optical 
absorption) will eventually reach equilibrium with the de-exciting processes of 
spontaneous and stimulated emission. 
 
There are three and four energy-levels a more realistic model: 
 
In a three-level laser system, illustrated in Figure 2.8 excitation is achieved by 
pumping to the E2 absorption level, or levels. If an energy level E3 exists, which lies 
slightly below E2, rapid non-radiative decay can occur to the level E3 with little loss of 
energy. E3 becomes the upper laser level. Laser emission then takes place between the 
levels E3 and E1. 
Avalanche effect (gain) due to 
stimulated emission 
Initial photon 
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Figure 2.8: Three-level laser energy diagram[7] 
 
A number of conditions must be fulfilled for this type of laser to operate. First, the 
energy required for excitation must be relatively high, because more than half of the 
entire population of the species must be raised out of the ground state (which may be 
the lower laser level). Second, the transition E3 E1 must be very probable. Third, the 
species must be able to remain in the E3 state longer than the E1 state in order to build 
up and maintain a population inversion. If the lower laser level in a three-level system 
is the ground state, a population inversion is more difficult to achieve, and output is 
limited to pulsed operation. 
 
 
Figure 2.9: Four-level laser energy diagram[7] 
 
A population inversion can be generated more easily if the laser transition terminates 
in a state that is not the ground state. This is the case in a four-level system, illustrated 
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in Figure 2.9. Species are excited to the level E2; followed by rapid non-radiative 
decay to a lower level E3. The laser transition occurs between level E3 and a second 
intermediate level, E4. Rapid relaxation to the ground state, E1, is then desirable for 
efficient operation. The potential for four-level operation is much higher than 
three-level operation because the threshold pump energy is considerably lower, since 
it is not necessary to invert the entire population. Since the laser transition is to an 
intermediate level which is normally unpopulated, a four-level laser can operate in 
continuous wave mode[7]. 
 
2.4.3 The principle of LSH 
 
Figure 2.10: The laser surface hardening 
 
Figure 2.10 shows the LSH process for alloy steel. This is a process whereby a 
defocused beam scans across a hardenable material to rapidly heat the material above 
the phase change temperature but without melting. The underlying bulk material acts 
as an efficient heat sink, causing rapid cooling. The hardness, strength, wear, fatigue 
and lubrication properties of the surface can be improved, while desirable bulk 
properties such as toughness and ductility remain unaffected. Ferrous alloys are 
particularly suitable for laser hardening because quenching produces hard martensite. 
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The process may also be used for other materials in which a hardening phase change 
is induced by a thermal cycle[3]. 
 
The principle of laser hardening is similar to those of conventional through-hardening, 
although the time scales involved are typically an order of magnitude shorter. The 
laser beam is shaped into an appropriate pattern for the required hardened region and 
scanned over the component. Hardenable ferrous alloys are the most suitable for laser 
hardening. The temperature at a required depth is raised to fully austenitize the 
microstructure, without melting the surface. During the peak of the thermal cycle the 
microstructure is homogenized by solid state diffusion. On cooling, austenite 
transforms to martensite with a uniform carbon distribution and hardness. An 
additional benefit is the development of a compressive residual stress state at the 
surface because of the 4% volume increase associated with the transformation of 
austenite to martensite. 
 
2.4.3.1 Characteristics  
The most noticeable characteristic of laser hardening is its low energy input. Only 
discrete surface regions are heated. The bulk of the component remains cold, enabling 
hardening to occur through self-quenching, no external quenching medium is required. 
This means that treatments may be carried out in sensitive environments, without the 
need to dispose of waste products. Discrete hardened regions up to about 1.5 mm in 
depth can be produced before the surface melts. The hardened region is constrained 
by untransformed material, which creates a compressive residual stress state at the 
surface; the resistance to fatigue crack initiation is therefore improved, endowing 
good wear properties. Low energy input results in low distortion and minimal surface 
disruption, this is particularly advantageous when thin sections are hardened[7]. 
2.4.3.2 MIMO System 
LSH involves multi-input and multi-output (MIMO). Inputs of LSH include process 
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parameters such as laser power, beam velocity, focal spot diameter and process 
conditions, workpiece material and laser system. Outputs process parameter of LSH 
generated include interaction time, power density and temperature, etc. Figure 2.11 
illustrates the laser input and output equipments used in this study. 
 
 
Figure 2.11: Laser Input System (a) and Output System (b) 
 
The KUKA six-axis robot was applied in this research for control LSH processing. 
The laser head was connected by a robot arm, which enable the robot to control LSH 
processing. Figure 2.12 illustrates the KUKA robot control system. 
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Figure 2.12: KUKA robot control system 
 
The robot and laser cell was donated by Volkswagen of South Africa (VWSA). The 
system was used to weld the roof of the Golf series cars by VW. In this research the 
device was used for the surface hardening process by changing the beam diameter, 
scanning velocity and laser power. The operation details are explained as follows. 
 
2.4.4 Process Parameters 
2.4.4.1 Laser Power 
A high power level enables high traverse rates to be used, with correspondingly high 
coverage rates. However, the practical window of traverse rate is then reduced 
because the risk of both overheating, leading to surface melting, or insufficient peak 
temperature with no hardening increase. The robustness of the process is thus reduced. 
For these reasons an incident power of about 1 kW is normally recommended. 
Materials of high hardenability may be processed with a lower power density and 
higher interaction time, in order to achieve a homogeneous case with significant depth. 
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Conversely, materials with low hardenability are processed with higher power density 
and lower interaction times in order to generate the rapid cooling rates required for 
martensite formation, at the expense of a shallower case. 
 
2.4.4.2 Beam Velocity 
Beam velocity rests with the move of the laser head which is controlled by the robot. 
It is a very important parameter used to determine the interaction time and cooling 
rate during laser processing. Also, there is a variation of the width of the hardened 
region with the velocity of a laser beam. From an economical aspect, an improved 
beam velocity is the main method to enhance manufacture efficiency. 
 
2.4.4.3 Focal Spot Shape 
A round beam is often used for hardening with both CO2 and Nd-YAG laser beams. 
This shape, a satisfactory solution for many applications, is created by defocusing the 
beam. The depth profile of the hardened region can be approximated as the mirror 
image of the beam intensity distribution, with reduced amplitude and some rounding 
of the edges resulting from lateral heat flow[8].  
 
2.4.5 Interaction Time and Applied Power Density 
2.4.5.1 Interaction Time 
A beam interaction time in the range 0.01-3s is typical of transformation hardening. 
The length of the beam in the travel direction is fixed by the power density and track 
width requirements. Hence the required traverse rate can be found by dividing the 
length by the interaction time. Traverse rate is the variable that is normally changed 
when fine tuning the process, to achieve the required hardened depth and degree of 
homogenization[9]. 
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2.4.5.2 Applied Power Density 
A uniform distribution of power in the beam profile maximizes case depth, the 
uniformity of depth and coverage rate. In contrast, ring and Gaussian profiles 
minimize distortion, although the latter can lead to centerline melting. The optimum 
distribution of power within the heating pattern consists of a leading edge with a high 
power density, with the power tailing off towards the trailing edge. This induces a 
thermal cycle that provides sufficient time for microstructural homogenization, but 
has a sufficiently high cooling rate for martensite formation. By using such a heating 
pattern, the energy required to harden a unit volume of material is minimized. 
However, the optics required to produce such a heating pattern are expensive, and so 
the method is normally reserved for large volume applications. 
 
2.4.6 Process Condition 
2.4.6.1 Experimental Material[3] 
For this research low carbon steel with a carbon content of 0.15-0.17wt% was used 
for experimental purposes. Hypoeutectoid low alloy steels respond well to laser 
hardening. Alloying additions raise the maximum hardness that can be obtained, and 
increase the depth of the uniformly hardened region, in comparison with a 
carbon-manganese steel of similar carbon content. Alloying additions influence both 
the thermodynamics and kinetics of phase transformations. They increase the 
incubation time for pearlite formation, thus stabilizing austenite, which in turn 
increases the hardenability and the depth of hardening possible. However, they 
stabilize carbides, by reducing the diffusion rate of carbon in austenite, which can 
result in a reduction in the carbon available for martensite hardening. Carbides pin 
austenite grain boundaries, limiting austenite grain growth, providing more nucleation 
sites for pearlite, and thus reducing hardenability. Alloying additions affect the phase 
transformation temperature, notably Ac1 and Ac3, and the start and finish temperature 
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for martensite formation, Ms and Mf, respectively. A lower Ms increase results in a 
deeper case. The gradient of the hardness profile is increased by any factor that 
increases hardenability. Retained austenite may be attributed to the segregation of 
austenite-stabilizing elements. 
 
l  Manganese is an important alloy in steel for several reasons and is present in 
virtually all steels in amounts of 0.30% or more. Manganese is a carbide former 
and has a marked effect on slowing the gamma-to-alpha transformation; therefore, 
it increases hardenability. Further, manganese in steel is important because of its 
ability to counter hot shortness; that is, the tendency to tear when being hot 
formed. In steel, iron and sulfur combine to form a sulfide that has a relatively 
low melting point. When the steel freezes, this sulfide solidifies in the grain 
boundaries. On subsequent reheating for rolling or forging, the sulfide melts. The 
steel is then weakened, and when it is added, it combines preferentially with the 
sulfur and forms a manganese sulfide of higher melting point, which by its 
distribution and nature eliminates hot shortness. 
 
l  Silicon, to a very mild extent, retards critical cooling rate, thereby increasing 
hardenability. Silicon is used as a deoxidizer in steelmaking and therefore exists 
in small quantities – usually 0.15% to 3.0%. As an alloy, it is not extensively used 
in alloy steels although it has some strengthening effect. Silicon structural steels 
have seen considerable use. Silicon also improves shock resistance and is used 
where impact is a problem. It is also used as an alloy in spring steels 
 
l  Nickel, has a marked effect on the transformation of austenite by shifting the nose 
of the TTT curves to the right, thus increasing hardenability. It also lowers the 
gamma-to-alpha transformation temperature when large amounts of nickel are 
used. Nickel is a very versatile alloy. It provides an added degree of uniformity to 
quenched steels and strengthens the unquenched or annealed steels. It toughens 
ferritic-pearlitic steels, especially at low temperature, and gives good fatigue 
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resistance. Nickel greatly increases corrosion and oxidation resistance. The 
amount of nickel used in alloy steels is usually less than 1.0%. 
 
l  Chromium affects the properties of steel in a number of ways. It has a marked 
effect in slowing the rate of transformation of austenite; that is, it greatly increases 
the hardenability of any steel. Additionally, relatively large percentages of 
chromium greatly increase oxidation and corrosion resistance. However, because 
the amount of chromium used in alloy steel is 2.0% or less, its principal function 
for the AISI-SAE alloy steels is to increase hardenability. 
 
The effect of alloying additions on thermal conductivity should also be considered, an 
increase in thermal conductivity increases the case depth but reduces the surface 
temperature. A low austenitizing temperature results in a small amount of retained 
austenite, which is beneficial, but also limits the degree of homogenization, and so a 
compromise peak temperature is required. 
 
2.4.6.2 Laser System 
The Nd-YAG laser system was used in the research; it is the most prevalent 
high-power, solid-state laser in industrial use today. Its lasing action is developed in 
the Nd+3 ion. It is based on a four-level system of electron energy level changes within 
the ion.  
 
YAG is the host for the Nd ion. YAG stands for yttrium aluminum garnet (Y3Al5G12). 
Neodymium is doped into the YAG crystal, taking the place of yttrium in the crystal 
as it is grown via the Czochralski method. Typical doping levels are between 0.5% 
and 1.1% Nd. After crystal growth is completed, the rough crystal or boule has several 
rods or slabs from it. The ends are polished and coated with an antireflection coating 
at 1.064  m, it is just 1/10 of CO2 laser. As the beam wavelength decreases, the 
absorptivity of a metal surface increases, and so an absorptive coating might not be 
Chapter 2  Literature Review 
 30 
necessary. This simplifies the operation considerably i.e. the cost of applying and 
removing absorptive coatings can be the factor that makes CO2 laser hardening 
uneconomical in comparison with other methods of surface hardening[8]. 
 
2.5 Conventional Induction Hardening (CIH) 
2.5.1 Introduction  
Conventional induction hardening (CIH) offers a number of advantages over other 
heat treatment methods. The most important advantages are short heat treatment times, 
good repeatability concerning the hardened-layer quality, small or negligible 
subsequent distortion, and a minimum subsequent product surface oxidation. 
Induction hardening offers good possibilities for automation and can be incorporated 
into a manufacturing cell[9]. 
 
2.5.2 Applications for CIH 
Capabilities include the ability to deep case harden, static harden, scan harden, face 
harden, locally harden and temper shafts, cylinders, and tubes. Deep case hardening is 
typically required to dramatically improve the fatigue properties of the materials in 
high torque applications. Other applications include surface hardening to improve 
wear resistance in high wear applications.  
Main advantages are: 
• Low distortion; 
• Low risk of scaling; 
• Localised hardening; 
• Good reproducibility of hardening process; 
• Easy integration in production line; 
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• Fully automatic process easily attainable; 
• Easy to operate machines; 
• Less harmful to the environment compared to other hardening processes; 
• Use of unalloyed steels. 
 
Surface hardness depends on the carbon content of the steel. Surface hardening 
increases the wear resistance and can be used to increase the strength of highly 
stressed components. It is advisable to design a new component suitable for induction 
hardening.  
 
The frequency range of power sources for induction hardening is as follows: 
• High frequency above 100 kHz (HF); 
• Intermediate frequency between 10kHz and 100 kHz (ZF); 
• Medium frequency from 3 kHz to 10 kHz (MF). 
Small components with low hardness depth are normally hardened with HF or ZF; 
bigger components with higher hardness depth are normally hardened with ZF or MF. 
An exact definition of the frequency application range in advance is not always 
possible. 
 
 
Chapter 2  Literature Review 
 32 
2.5.3 Hardening Process 
 
Figure 2.13: Induction Hardening Process[10] 
 
Figure 2.13 illustrates the CIH process. CIH is based on the generation of magnetic 
fields by an alternating current. When a metal component is placed inside the coil, 
eddy currents are induced in surface regions of the object, which in turn generate heat 
because of the resistance of the metal. The depth of heating depends on the strength of 
the magnetic field, the magnetic properties of the material, and the proximity of the 
coils to the object. Cooling may be carried out in air or by quenching in oil or water if 
a deep hardened zone is required. Hardened regions up to 5 mm can be produced 
without surface melting, with relatively high coverage rates. CIH which is easily 
incorporated into a production environment, has a relatively low cost, and is 
particularly suitable for rotationally symmetric components such as gears, wheels and 
shafts, especially when high volumes of identical components are to be treated. Codes 
of practice have been written that specify the required hardness and geometry of the 
treated region, enabling the process to be automated by using preset values. 
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2.5.4 Heating Principle 
The heating of a nominally electrical conducting material is by eddy currents induced 
by a varying electromagnetic field. The principle of the induction heating process is 
similar to that of a transformer. In Figure 2.13, the inductor coil can be considered the 
primary winding of a transformer, with the workpiece as a single-turn secondary. 
When an alternating current flows in the primary coil, secondary currents will be 
induced in the workpiece. These induced currents are called eddy currents. The 
current flowing in the workpiece can be considered as the summation of all of the 
eddy currents. 
The depth of current penetration depends upon workpiece permeability, resistivity and 
the alternating current frequency. Because the first two factors vary comparatively 
little, the greatest variable is frequency. Depth of current penetration decreases as 
frequency increases. High-frequency current generally is used when shallow heating 
is desired; intermediate and low frequencies are used in applications requiring deeper 
heating[10]. 
The pattern of heating obtained by induction is determined by the: 
1. Shape of the induction coil producing the magnetic field; 
2. Number of turns in the coil; 
3. Operating frequency; 
4. Alternating current power input; 
5. Nature of the workpiece. 
 
Examples of magnetic fields and induced currents produced by induction coils are 
shown in Figure 2.14. 
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Figure 2.14: Magnetic fields and induced currents produced by various induction coils[11]. 
 
2.6 Flame Hardening 
2.6.1 Introduction 
One of the oldest methods of surface, or selective area, is by means of heating the area 
with an oxyacetylene flame, which supplies a very intense and concentrated heat. 
 
2.6.2 Principle of Flame hardening 
Flame hardening is a flexible process with a very low capital cost. The flame from a 
welding torch, often oxyacetylene, is used to austenitize the component surface, 
which is then quenched in water or oil, as illustrated in Figure 2.15. 
 
The process can be carried out in manual, semi-automatic or fully automatic modes. 
In addition to the steel grades recommended for induction hardening, flame hardening 
can also be used for partial hardening of alloy and tool steels. Gear wheels, lathe 
guides, plates, blanking tools, moulds and camshafts have traditionally been hardened 
using this method. 
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Figure 2.15: Flame hardening Process[10] 
 
The energy input is relatively high, which can lead to the need for an external 
quenching to generate the cooling rate required for hardening, and distortion of the 
large heated volume is often significant. It can also be difficult to control the 
geometry of the hardened zone because of the imprecise nature of the application of 
energy, which may lead to undesirable surface melting. As with CIH, the range of 
steels that may be hardened using a flame is limited. 
 
2.6.3 Methods of Flame Hardening[10] 
Principal procedures are spot or stationary, progressive, spinning and combination 
progressive-spinning modes of operation. Selection of the most appropriate system 
depends on shape, size and composition of the workpiece; the area to be surface 
hardened; required depth of the hardened zone; and the number of pieces to be 
hardened. 
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2.7 SPECTRO’s Spectrometer Working Principle[12] 
     
Figure 2.16: SPECTRO’s spectrometer device and its working principle[27] 
 
The principle of the analysis method of SPECTRO´s stationary metal analyzers is 
optical emission spectroscopy, as shown in Figure 2.16. Sample material is vaporized 
on the spark stand by an arc or spark discharge. The atoms and ions contained in the 
atomic vapour are excited into emission of radiation. The radiation emitted is passed 
to the spectrometer optics via an optical fibre, where it is dispersed into its spectral 
components. From the range of wavelengths emitted by each element, the most 
suitable line for the application is measured by means of a photomultiplier. The 
radiation intensity, which is proportional to the concentration of the element in the 
sample, is recalculated internally from a stored set of calibration curves and can be 
shown directly as percent concentration. 
 
2.8 Hardness Testing 
2.8.1 Hardness Scales 
Hardness, as the term is commonly used in metallurgy, is a measure of the resistance 
of a material to indentation by an indenter of fixed geometry, under a static load. A 
hardness test of this type is known as an ‘indentation hardness test’. From this 
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hardness test a hardness number is calculated, which is expressed by a number that is 
either proportional to the depth of the indentation for a specified load and indenter, or 
proportional to a mean load over the area of the indentation. It must be noted that the 
term ‘hardness number’ has no quantitative meaning, but is merely a number in terms 
of a particular test in which the size and shape of the indenter, the indenting load, and 
other conditions of the test are specified. The hardness values obtained are however 
useful as an indicator of materials properties, such as ultimate tensile strength. 
 
There are three standardized methods of indentation hardness testing, each having its 
own indenter shape and size, load application and range, and hardness number 
calculation method. The three test methods being the Brinell, Rockwell and Vickers 
hardness tests[13]. Each test, as already stated, has its own hardness number, which is 
calculated as follows: 
 
l  Brinell hardness number (HB) – A number related to the size of the permanent 
impression made material under a specified load. In reporting Brinell hardness the 
test load, ball diameter and load duration must be stated. 
 
l  Rockwell hardness number (HR) – A number derived from the net increase in 
depth of the impression as the load on an indenter is increased from a fixed 
minimum load to a high load and then returned to the minimum load. Indenters 
include steel balls of several specified diameters and a diamond cone. Rockwell 
numbers are quoted with a scale symbol representing the indenter, load and dial 
figure colour. 
 
l  Vickers hardness number (HV) – A number obtained by dividing the load in 
kilograms applied to a square-based pyramidal diamond indenter by the surface 
area of the impression in square millimeters. The test load must be stated when 
reporting Vickers hardness. 
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The reason for these different tests is simply because no one combination of test load 
and indenter size can be used for the testing of specimens of all sizes and degrees of 
hardness[14]. 
 
2.8.2 Microhardness 
Microhardness testing is an indentation method for measuring the hardness of a 
material on a microscopic scale. The indentation can be made using a square-based 
pyramid indenter (Vickers hardness scale) or an elongated, rhombohedral-shaped 
indenter (Knoop hardness scale). The advantages of using the microhardness test is 
that hardness impressions can be precisely located with the microscope to perform 
tests on microscopic features: small or thin samples can be tested and the change in 
hardness through a thin cross-section, hardness profile, of the sample can be 
determined[15]. 
 
Microhardness testing, using the square-based pyramid diamond indenter, was chosen 
as the hardness testing method to be employed for this project because of the 
advantages stated above; primarily the fact that detailed hardness profiles can be 
acquired by this method. All microhardness testing was undertaken according to the 
ASTM standard: Standard test method for microhardness of materials, ASTM E 
384-84. 
 
2.8.3 Vickers Microhardness Testing 
The Vickers microhardness test is that an indenter of definite shape is pressed into the 
material to be tested, the load removed, the diagonals of the resulting indentation are 
measured, and the microhardness number is calculated based on the area of 
indentation. The Vickers indenter is a square-based pyramid that has an angle of 136º 
between faces, as shown in Figure 2.17. 
The Vickers hardness test method consists of indenting the test material with a 
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diamond indenter, in the form of a right pyramid with a square base and an angle of 
136 degrees between opposite faces subjected to a load of 1 to 1000 gf. The full load 
is normally applied for 10 to 15 seconds. The two diagonals of the indentation left in 
the surface of the material after removal of the load are measured using a microscope 
and their average is then calculated. The area of the sloping surface of the indentation 
is calculated. The Vickers hardness is the quotient obtained by dividing the kgf load 
by the square mm area of indentation. 
 
F= Load in kgf 
d = Arithmetic mean of the two diagonals, d1 and d2 in mm 
 
  
Figure 2.17: Form of pyramidal diamond indenter for microhardness tester[16] 
HV = Vickers Hardness 
2
2
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F
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
=             Equation (2.4) 
 
2854.1 d
FHV =   approximately         Equation (2.5) 
 
When the mean diagonal of the indentation has been determined the Vickers hardness 
may be calculated from the formula, but it is more convenient to use conversion tables. 
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The Vickers hardness should be reported like 800 HV10, which means a Vickers 
hardness of 800, was obtained using a 10 kgf force. Several different loading settings 
give practically identical hardness numbers on uniform material, which is much better 
than the arbitrary changing of scale with the other hardness testing methods. The 
advantages of the Vickers hardness test are that extremely accurate readings can be 
taken, and just one type of indenter is used for all types of metals and surface 
treatments. Although thoroughly adaptable and very precise for testing the softest and 
hardest of materials, under varying loads, the Vickers machine is a floor standing unit 
that is more expensive than the Brinell or Rockwell machines. 
 
The surface being tested generally required a metallographic finish; the smaller the 
load used, the higher the surface finish required. Precision microscopes were used to 
measure the indentations; these usually have a magnification of around 500 times and 
measure to an accuracy of +0.5 micrometres. 
 
2.9 Residual Stress 
2.9.1 Introduction 
Residual stress is a tension or compression which exists in the bulk of a material 
without application of an external load (applied force, displacement of thermal 
gradient)[14]. Manufacturing processes are the most common causes of residual stress. 
Virtually all manufacturing and fabricating processes such as casting, welding, 
machining, molding, heat treatment, etcetera, introduce residual stresses into the 
manufactured object. Another common cause of residual stress is in-service repair or 
modification. In some instances, stress may also be induced later in the life of the 
structure by installation or assembly procedures, by occasional overloads, by ground 
settlement effects on underground structures, or by dead loads which may ultimately 
become an integral part of the structure. Sometimes, the effect on properties is 
beneficial, other times, the effect is deleterious. Therefore, it is important to be able to 
Chapter 2  Literature Review 
 41 
monitor and control the residual stresses[17]. 
 
2.9.2 Definition of Residual Stress 
Residual stress is stresses which persists in a material or a component under uniform 
temperature in the absence of externally applied loads. They are created whenever a 
member is permanently deformed or distorted in a non-uniform manner. The residual 
stresses are a manifestation of the elastic deformations that the infinitesimal elements 
of a member must experience in order for them to remain compatible, i.e. fitted 
together[18]. 
 
There are three main types of residual stresses which can be distinguished according 
to the distance or range over which they can be observed: 
 
l  The first type of residual stress is termed macroscopic. This type is long-range in 
nature, extending over at least several grains of the material, but usually many 
more. 
l  The second type of residual stress is referred to as structural microstress. This 
type covers a distance of one grain or part of a grain. It occurs between different 
phases or between embedded particles, such as inclusions. 
l  The third type of residual stress ranges over several atomic distances within the 
grain. 
 
These three types of residual stress are sufficient to describe any residual stress state 
occurring in engineering situations, although when designing a component or 
structure the macroscopic residual stress is taken into consideration. 
 
2.9.3 Effect of Residual Stress 
Residual stress forms in the laser-treated surfaces because of rapid thermal heating 
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and constrained cooling due to clamping of the workpieces. The nature and magnitude 
of these stresses of the surface formed during laser processing depend on the type of 
processing, temperature gradients, and phase-change kinetics. This in turn may or 
may not give rise to cracking tendency after processing depending on the level of 
stress, distribution and nature of the type of stress distribution, and the mechanical 
strength of the phases present in the laser-treated microstructures. Residual 
compressive stresses are beneficial to enhance the fatigue resistance because they will 
help to retard the crack growth. On the other hand, residual tensile stresses are 
deleterious for the fatigue resistance due to the enhancement of crack propagation 
rates. Hence, it is generally recommended that a simple post-processing step such as 
annealing or a pretreatment step such as preheating of the base material before laser 
processing be carried out to minimize the chances of cracking tendency[19]. 
 
The safety and durability of a load-bearing structure depends upon those limiting 
stress levels which delineate various modes and probabilities of failure. As already 
stated the stresses in a structure or component are a sum of the applied stresses 
(service load), and the residual stresses. Modern methods of theoretical and 
experimental stress analysis usually permit the applied stresses to be determined quite 
accurately, even for complex configurations. But the residual stresses are most often 
ignored, simply because they are unknown and difficult to evaluate[20]. 
 
It can therefore be seen that the prime reason for measuring residual stresses is to 
allow these stresses to be incorporated into the design and structural analysis 
procedures, providing more dependable components and structures and greater 
efficiencies in materials utilization. This will lead to the development of new 
manufacturing processes, as well as reducing overdesign, and the associated waste of 
materials[21]. 
 
Residual stresses generally arise when conditions in the outer layer of a material differ 
from those internally. This can be caused by one of three principal mechanisms: 
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l  Mechanical processes 
l  Chemical treatment 
l  Heat treatment 
 
Residual stresses can also however be caused by manufacturing processes such as 
welding and casting. 
 
The most significant mechanical processes which induce surface residual stresses are 
those which involve plastic yielding and hence “cold working” of the material such as 
roll forming, shotpeening and forging. Most standard machining processes such as 
grinding, turning, or polishing, involve local yielding thereby inducing residual 
stresses. Manufacturing processes such as pressing of sheet metal, which involve 
plastic yielding, also induce residual stresses. 
 
Chemical treatments alter the chemical composition of the surface layers of the 
material. In so doing the surface layers are provided with residual stresses which 
prolong the fatigue life of the component. For example during forging or hot rolling of 
steel, carbon is removed from the surface by means of oxidation. There are also other 
processes where carbon or nitrogen can be added to the surface layers of the material 
for example carburizing, nitriding, or cyaniding[22]. 
 
During heat treatment procedures the metallurgical structure of the material is 
modified but the chemical composition remains unchanged. Residual stresses are 
introduced into the material or component’s surface layers by thermal expansion. 
 
When a uniformly heated specimen is quenched from a temperature corresponding to 
low yield strength, the surface cools and becomes strong while the core material is 
still thermally expanded. When the core cools down it will contract causing the strong 
surface to resist this contraction and therefore placing the surface in biaxial 
compression while the core is in triaxial tension. It is important to remember that the 
surface cannot be triaxially stressed since an unstressed exposed surface exists[22]. 
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Induction hardening and flame hardening are two conventional heat treatment 
procedures where favourable surface compressive residual stresses are induced, 
although other processes within this category can also be considered such as flame 
cutting and welding. Both flame and induction hardening have a major effect at the 
surface where the temperature gradient is the most severe, producing surface 
hardening and high compressive residual stresses with the core being residually 
stressed in tension. These surface residual stresses increase the fatigue life of the 
component, although there is some evidence of a weakening at the case to core 
transition region. In both hardening processes the surface is heated above the 
materials critical temperature and then rapidly cooled to produce the hardening. It is 
essential that the material contains sufficient carbon or alloying elements to allow for 
the hardening by quenching. As their process name implies heating takes place by 
either gas flame or electric induction (eddy currents set up in surface layers) [22]. 
 
During heat treatments austenite is transformed into matensite and it is this 
transformation that is responsible for the volume expansion which results in the 
residual stresses. The actual expansion is usually between 1.5% to 2% depending on 
the material composition and the transformation completeness. Another reason for 
volume changes and the resultant residual stresses is phase precipitation. Under 
suitable conditions certain metallic alloys undergo age precipitation hardening during 
which super-saturation will cause one phase to be precipitated from the matrix and if 
the precipitate and matrix possess different densities residual stresses will be set up.   
If undesirable residual stresses exist after heat treatment, tempering can relieve them. 
In some cases the temper temperature will be too high to maintain an optimum 
balance between strength and ductility[22]. 
 
2.9.4 Residual Stress Measurement Methods 
There are many different principles and techniques that have been developed for the 
measurement of residual stress. Through analysis the characteristic of these methods 
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and the technology can be separated into two groups: destructive and nondestructive 
measurement technology. 
 
2.9.4.1 X-ray Diffraction 
X-Ray techniques are well established but require very sophisticated equipment if an 
accurate result is to be achieved. This is a widely used method for evaluating residual 
stresses nondestructively. It is based upon measurements of lattice strains. The 
changes in the spacing between crystallographic lattice planes, which is caused by 
stress, are measured, as illustrated in Figure 2.18. However, measurement is limited to 
strains very near the surface and the lattice strains which are measured reflect the 
combined influence of both the micro and the macro stresses acting in the location[21]. 
 
Figure 2.18: Shift of diffraction peak with changes in  value. Note that as  increases in b) 
and c) above, the position of the diffraction peak shifts further and further away from 
its usual position in a). 
 
2.9.4.2 Hole-drilling Method 
There are many situations where X-ray diffraction is not useful for measuring residual 
stresses. These include non-crystalline materials, large grained materials, 
nano-materials, textured, or heavily deformed metals. In these cases, other mechanical 
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methods such as the hole-drilling method are used. 
 
The hole-drilling strain gauge method is a semidestructive method for measuring 
residual stresses near the surface of a material. The method involves attaching strain 
gauges to the surface, drilling a hole in the centre of the gauge, and measuring the 
relieved strain. The measured strains are then related to relieved principal stresses 
through a series of equations[23]. 
 
The hole drilling method originates from 1932 when Mather reported results from the 
first residual stress measurements involving a hole being drilled into the surface of a 
test specimen while recording the strain reaction on the surface[24]. 
 
2.9.4.3 Ultrasonics 
Ultrasonic methods work on the principle that the grain orientation and other 
metallurgical inhomogeneous properties affect the velocity and attenuation of 
ultrasonic waves. Higher-order elastic constants are required in order to relate the 
ultrasonic velocity measurements to stresses. These constants are not generally 
available and must be experimentally determined for the particular material being 
examined. The limitations are that the values resulting from a particular measurement 
are an average for the path traversed by the ultrasonic beam. Further development is 
still required to effectively correlate residual stresses and ultra-sonic waves[21]. 
 
2.9.4.4 Neutron Diffraction Method 
The physical principles of residual stress measurement by neutron and X-ray 
diffraction are identical. Although by neutron diffraction residual stresses can be 
measured through the thickness of a component, thereby obtaining a residual stress by 
depth profile. By this technique micro as well as macro-stress can be distinguished 
and measured[25]. 
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2.9.5 Comparison of Commonly Used Residual Stress Measurement Techniques 
The choice as to which measurement technique to employ can be simplified by 
considering the following parameters: 
 
l  Nature of the material, such as crystallographic structure, texture, chemical 
composition and phase; 
l  Whether macro or micro residual stresses are to be measured; 
l  The stress gradient through thickness in the test specimen; 
l  The geometry of the part and the zone to be analysed; 
l  Whether the measurement can be taken in a laboratory or needs to be taken in the 
field; 
l  Whether a destructive measurement technique can be employed or not; 
l  The time that is available for the measurement; 
l  The accuracy of results require; 
l  The cost of measurement and equipment involved. 
 
Table 2.1 provides a convenient comparison of the commonly used techniques. Note 
that for the time-required comparison, the first time indicated in Table 2.1 refers to the 
time taken for measuring the first data point, the second time indicated, refers to the 
required to plot a residual stress profile to a depth of several millimeters[15]. 
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Magnetic 
Ferromagnetic material 
Barkhausen noise 
amplitude or magnetic 
permeability 
100 	m 
$US 10000 to 60000 
Yes 
±10 to 20 MPa 
Immediate to 10 
minutes 
0.1 mm to 1 mm 
Ultrasonics 
Isotropic homogeneous 
material, homogeneous 
stresses on the acoustic 
transmission path 
Variations of ultrasonic 
wave speed 
15-300 	m 
$US 40000 to 200000 
Yes 
±10 to 20 MPa 
5 minutes to 20 
minutes 
0.015 mm to 3 mm 
X-ray 
Standard: isotropic, 
homogeneous, fine 
grain polycrystalline 
material 
Change in interplanar 
spacing of the 
polycrystalline 
material 
Several to several 
dozen microns 
$US 100000 to 200000 
Yes 
±20 MPa 
20 minutes to 8 hours 
1-50 	m 
Neutron Diffraction 
Isotropic, 
homogeneous, 
polycrystalline 
material 
Change in interplanar 
spacing of the 
polycrystalline 
material 
1mm 
$US 100 000000+ 
No 
±30 MPa 
2 hours to 1 week 
2 mm to 50 mm 
Hole Drilling 
Bi-axial uniform 
stresses at the surface 
of the hole 
Surface strain or 
displacement 
20 	m 
$US 10000 to 50000 
Yes 
±20 MPa 
40 minutes to 2 hours 
0.02 mm to 15 mm 
Method 
Basic hypothesis 
Parameters measured 
Minimum analysis 
depth 
Equipment cost 
Portable 
Accuracy 
Time required 
Inspection depth 
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2.9.6 Measurement of Residual Stress by Hole-drilling Strain Gauge Method 
2.9.6.1 The Hole-drilling Method 
The Centre Drilling Strain Gauge Technique of residual stress measurement is a 
technique that has been standardized by ASTM Standard Test Method E837-94a. A 
strain gauge rosette with three elements of the general type schematically shown in 
Figure 2.19 is placed in the area under consideration. The numbering scheme for the 
strain gauges follows a clockwise (CW) convention. 
 
  
Figure 2.19: The geometry of a typical three-element clockwise (CW) strain gauge rosette for 
the hole-drilling method[23] 
 
The three gauge grids are wired and connected to a static strain indicator through a 
switch-and-balance unit. 
 
A precision milling guide is attached to the test part and accurately centered over a 
drilling target on the rosette. Figure 2.20 shows a schematic representation of the 
residual stress and a typical surface strain relieved when a hole is drilled into a 
material specimen. Readings are made of the relaxed strains, corresponding to the 
initial residual stress.  
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Figure 2.20: Relieved strain when a hole is drilled into a specimen[23] 
 
2.9.6.2 Principle and Theory 
The hole-drilling method relies on stress relieving when a hole is drilled into the 
center of a rosette strain gauge, such as that shown in Figure 2.21. When the material 
is removed by drilling, the extent of the strain relief is monitored by the gauges and 
the direction and magnitude of the principal stresses can be calculated. 
 
Figure 2.21: Rosette Gauge (Magnification: ×4)[24] 
 
The introduction of a hole (even of very small diameter) into a residually stressed 
body relaxes the stresses at that location. This occurs because every perpendicular to a 
free surface (the hole surface, in this case) is necessarily a principal axis on which the 
shear and normal stresses are zero. The elimination of these stresses on the hole 
surface changes the stress in the immediately surrounding region, causing the local 
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strains on the surface of the test object to change correspondingly. This principle is the 
foundation for the hole-drilling method of residual stress measurement, first proposed 
by Mathar[24]. The initial residual stress can then be inferred from the measured strains 
by elasticity theory considerations. The foregoing procedure is relatively simple, and 
has been standardized in ASTM Standard Test Method E837-94a. In most practical 
applications of the method, the drilled hole is blind, with a depth which is: (a) about 
equal to its diameter, and (b) small compared to the thickness of the test object. 
 
2.9.6.3 Blind-hole Analysis 
The theoretical background for the hole-drilling method was developed on the basis of 
a small hole drilled completely through a thin, wide, flat plate subjected to uniform 
plane stress. Such a configuration is far from typical of practical test objects since 
ordinary machine parts and structural members requiring residual stress analysis may 
be of any size or shape, and are rarely thin or flat. Because of this, a shallow "blind" 
hole is used in most applications of the hole-drilling method[25]. 
 
Blind-hole analysis involves one additional independent variable, the dimensionless 
hole depth, Z/D 
 
Figure 2.22: The relationship of hole depth and gauge diameter[25] 
 
For any given initial state of residual stress, and a fixed hole diameter, the relieved 
strains generally increase (at a decreasing rate) as the hole depth is increased. 
Therefore, in order to maximize the strain signals, the hole is normally drilled to a 
depth corresponding to at least Z/D= 0.4 (ASTM E837 specifies Z/D= 0.4 for the 
maximum hole depth), as shown in Figure 2.22. 
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The Figure 2.23 shows a typical three-element strain gauge rosette for the hole 
drilling method. The maximum and minimum relieved stresses are calculated 
according to ASTM E837-94a, more details can be seen in Appendix A. 
 
 
Figure 2.23: Strain gauge rosette arrangement for determining residual stress[24] 
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In this equation, the negative square root associated with the maximum stress as 
calibration constants A  and B  have negative numerical values. Thus a negative 
strain will produce a positive residual stress value. 
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A and B  integrate the effect of a finite size strain gauge, this gives material 
properties and the possibility of a blind hole situation. 
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a  and b  are dimensionless, material independent coefficients are given by: 
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D0        = hole diameter  
D       =gauge circle diameter 
Z       =depth of hole 
E       =Young’s modulus 
;     =geometric constants as determined by ASTM 837-94(a) 
a ; b     =data reduction coefficients 
α        =angle to the first principal strain from the first strain gauge 
aε ; bε ; cε  =relieved strains values, where a, b & c correspond with the grids 1, 2 & 3 
maxσ ; minσ  =maximum and minimum principal stresses 
 
2.9.7 Measurement of Non-Uniform Residual Stress 
Uniform residual stresses occur when the release of energy due to the hole being 
drilled, is equal in all radial orientated planes from the origin of the hole. Thus the 
residual stresses measured are equal for each strain gauge[21]. Therefore, the uniform 
residual stresses only occur in isotropic homogeneous materials. However, most 
materials are not isotropic and homogeneous, so it produces non-uniform residual 
stresses with each strain gauge measuring different strains. 
 
Non-uniform residual stress measurement by hole-drilling method is accomplished by 
the use of relieved strain data taken after several successive small increments of hole 
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depth. Then one of various mathematical techniques may then be employed to 
determine the original non-uniform residual stress field i.e. Integral Method, Power 
Series Method, Incremental Strain Method and Average Stress Method. An important 
point to remember is that with these mathematical techniques careful experimental 
techniques must be used, since any strain measurement errors will cause 
proportionally much larger errors in the calculated stresses[25]. 
 
The four methods that can be used to calculate non-uniform residual stresses using the 
hole-drilling technique are: 
2.9.7.1 Incremental Strain Method 
This method is an approximate stress calculation procedure that is useful when only 
experimental calibrations can be employed, as it is unable to undertake numerical 
calibration. This method also requires that strain measurements be made in small 
increments of hole depth. The original stresses within each depth increment are then 
calculated assuming that the strain reliefs in each increment are only due to the 
stresses, which existed within that hole depth increment. 
 
The experimental procedure involves externally loading a separate calibration sample 
of the same test material with a known uniform stress field. Then the strain reliefs are 
measured as the hole is incrementally drilled into the calibration sample. The same 
depth increments are then drilled into the test sample and the corresponding strain 
reliefs measured. These corresponding strain reliefs from the calibration and test 
samples are compared for each increment thereby allowing the calibration of the 
existing stresses in the sample. 
 
This method is an approximate method since it considers only the strain reliefs due to 
the stresses within the new hole depth increment and not include the effect of the 
previous depth increments. The resulting error therefore increases as the depth of the 
hole increases. Care should be taken when interpreting the results[27]. 
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2.9.7.2 Average Stress Method 
This method is employed by the ASTM standard E837-94a. As with the Incremental 
Strain Method it is an approximate stress calculation for use only for experimental 
stress, this being the uniform stress within the total hole depth that produces the same 
total strain reliefs as the actual non-uniform stress distribution. 
 
The equivalent uniform stress is calculated using the same calibration constants as 
those used for a uniform stress field with the measured strain reliefs for the 
non-uniform stress field. A calculation is carried out after each increment. It must then 
be assumed that the equivalent uniform stress after a depth increment equals the 
spatial average of the equivalent uniform stress before that hole depth increment was 
calculated plus the stress within the increment is taken into account. The stress within 
the hole depth increment can then be calculated[27]. 
 
2.9.7.3 Power Series Method 
This method is recommended for smoothly varying non-uniform stress fields and is 
more tolerant of strain measurement errors, since weighted averages of the strain data 
are used. The method involves dividing the residual stress field into power series 
components  0
 (h) = 1,  1
 (h) = h,  2
 (h) = h2, etcetera: where h is the distance 
from the specimen surface. Corresponding calibration functions are determined for 
each component from finite element calculations, as those used in the Integral Method. 
These calibration functions are then used as basic functions in a least squares analysis 
of the measured strain data. The stress component of each power series within the 
original residual stress field can now be determined. 
The main feature of the Power Series Method is that only a few large increments of 
hole depth need to be used. The increased stability of this method comes however at 
the expense of a decreased spatial resolution[27]. 
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2.9.7.4 Integral Method 
The Integral Method is a modern stress calculation method, which has been made 
possible by reliable finite element hole-drilling calibrations. Basically this method 
recognizes that the strains measured during hole drilling are the cumulative result of 
relieving the residual stresses originally existing at all depth locations within the total 
depth. The method then works by identifying the individual contributions of the 
stresses at each depth location to the total measured strains after which the individual 
stresses are back calculated from the total strain measurements. The total measured 
being the sum of the strains caused by relieving the residual stresses originally 
existing within each of the hole depth increments. The locations of these individual 
stresses are defined in terms of small increments of hole depth and expressed in a 
matrix format. The residual stresses within each increment are assumed to be 
constant. 
 
The stress calculation is then similar to that used for uniform residual stress fields 
except that in this case all the numerical quantities appear as matrices and vectors 
rather then scalars[27]. 
 
2.9.7.5 Schwartz – Kochelmann Method 
Owing to the residual stresses in the vicinity of the hole not being completely released 
when using the hole drilling method, the determination of the residual stresses cannot 
be calculated from measured relaxed strains using the Hooke’s Law Formula, as is the 
case with general stress analysis. For this reason a calibration using experimental and 
computational methods needs to be carried out to take into account the partially 
relieved strains. With experimental calibration, the residual stresses are simulated by 
external loading stresses, normally in a uni-axial tensile or bending test. 
 
The calibration only needs to be carried out once. The strain in the loading direction, 

x, and in the direction perpendicular to it,  y, is recorded at each stage of depth. From 
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these results the calibration functions Kx( ) and Ky( ) are calculated as follows under 
consideration of the elastic constants for the material and for the un-axial load 
 : 
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Where E is Young’s Modulus of Elasticity, ν  is Poisson’s Ratio and   the hole depth, 
z referred to the hole diameter D0 (normalized depth); 
0D
z
=ξ . 
 
After the measurement the component of the recorded strains is converted into the 
required residual stresses using the calibration functions: 
 
2.9.8 High Speed Drilling Techniques 
The Automatic Centre Hole High Speed Drilling technique was first investigated in 
the early 1950’s with respect to ultra-high-speed machining. The system uses an air 
turbine to hold an inverted end mill that rotates up to 400 000rpm. The end mill can 
be manufactured from diamond, tungsten carbide or high-speed steel and has a range 
of cutting diameters from 0.4-1.8mm[28]. 
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2.9.8.1 Equipment and Drilling Procedure  
 
Figure 2.24: Automatic centre drilling device 
 
The measurement of residual stresses requires the internal stresses to be relieved by 
means of the destructive removal of successive layers of material. The equipment 
used was an Automatic Centre Hole Drilling Device and a high-speed end mill as 
illustrated in Figure 2.24. 
 
There are four major components in the equipment: 
 
l  Drilling Device 
This drilling device houses an air turbine motor into which an inverted end mill is 
taper locked. The turbine rotates at about 300 000rpm at a pressure of 4.5 bar. To 
enable accurate alignment, the device consists of an optical device to the main frame 
via a V-slide rack and pinion which allows for the quick setting of the end mill to the 
strain gauge drilling location. The frame is controlled by a stepper motor, which 
allows for computer controlled feed of the end mill through the centre of the strain 
gauge into the specimen. 
 
Electronic device 
Amplifier 
Drilling device 
Computer/Software 
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l  Amplifier 
In this investigation an MGC amplifier, manufactured by HBM, was used to measure 
residual stresses. The amplifier was computer controlled during the operation. The 
three gauge rosette was wired to the amplifier using a four-lead quarter bridge circuit 
and, in conjunction with the amplifier, recorded the strain magnitudes after each 
incremental step. The amplifier has three channels and is not unique to the residual 
stress assessment system, but acts as a slave unit within the system. 
 
l  Electronic Device 
The function of the electronic device is to interface the computer signals, while the 
solenoid valve controlled the air supply to the turbine motor and the steeper motor. It 
is a vital element to the drilling procedure as it administers the entire process. 
 
l  Computer 
SINT Technology of Italy developed the software in collaboration with HBM of 
Germany. This software controls the electronic unit and the MGC amplifier, as well as 
processing the strain data according to the number of incremental steps when the 
drilling operation is completed[28]. 
 
2.10 Residual Stress Measurement [29] 
2.10.1 Introduction 
This measurement was undertaken in order to determine the residual stress 
distribution after laser surface hardening processing. The residual stress analysis using 
the RESTAN system, which is a fully automated hole drilling system, was supplied by 
SINT, Italy. Whereas the conventional systems are controlled by the analysis 
technician during drilling, such as the depth of each hole increment, this system is 
software controlled, which resulted in a more accurate measurement procedure. 
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2.10.2 System for Measuring Residual Stress by the Hole-Drilling Method 
The RESTAN system makes use of a high speed air turbine, running at approximately 
300 000 rpm, which allows for the drilling of a hole by means of an inverted end mill. 
This has been shown to be a process which induces negligible stresses during drilling. 
Further advantages of the RESTAN system are that a number of operations for which 
the operator was previously responsible have been simplified, automated and 
computerized, thereby providing more accurate and complete control of testing. The 
principle advantages are 
 
l  An increased accuracy in the centering of the drilling axis to the centre of the 
strain rosette; 
l  Automatic identification of the dimension of the hole at the start if each depth 
increment and measurement of the depth of the hole after each increment 
recorded; 
l  Accurate control of the depth increments for drilling as well as the measurement 
of relaxed strain after each increment; and 
l  Measurement of the final diameter of the hole and any eccentricity, if any. 
 
These advantages allow for numerous strain readings to be made with great precision, 
throughout the depth of the hole. 
 
2.10.3 Description of RESTAN System 
This system consists of the drilling unit, electronic control unit, PC-PLM-16 I/O card 
for system interface with a desktop computer, a desktop computer minimum 486 MHz 
operating with Windows 95/NT/3.1/3.1J or DOS, and strain gauge amplifier (The 
digital strain gauge amplifier HBM-MGC is used in the research system). Shown in 
Figure 2.25 is a diagram of the various sub-systems making up the test configuration. 
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Figure 2.25: Schematic of RESTAN system instrumentation layout[30] 
 
2.10.4 The Drilling Unit 
This unit affects the drilling and measuring of the precision holes. It incorporates 
mechanical and optical devices, as shown by Figure 2.26, which consist of a small 
work centre with three axes; the housing of a vertical head bearing a microscope and a 
drill-head. The drill-head incorporates the high-speed air turbine. The microscope 
allows the precise alignment of the drilling axis to the centre of the strain gauge 
rosette as well as measurement of the hole diameter and eccentricity after drilling. 
 
For the centering of the drilling location the drill-head is firstly rotated at 45º out of 
alignment with the optical centering device (OCD), then position adjustment of the 
OCD is made by means of the three axes. Once the OCD has been positioned in the 
centre of the drill location, the drill-head is rotated back into position. The positioning 
of the intended hole location is now complete since the OCD is aligned precisely with 
the axial centre of the air turbine. 
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Figure 2.26: Side view of RESTAN drilling unit[15] 
 
1. Eyepiece       10.  Grip screw for locking vertical motion 
2. Knob for slow manual feed  11.  Microswitch for limiting height 
3. Optical centering device (OCD) 12.  Knob for horizontal motion (x-axis) 
4. Drill-head revolver    13.  Dial gauge (y-axis) 
5. Stepper motor     14.  Knob for horizontal motion (y-axis) 
6. Electrical supply and control from 15.  Dial gauge (x-axis) 
electronic control device    16.  Support foot 
7. Microscope locking screw   17.  Revolvable drill-head 
8. Knob for vertical fast feed   18.  Inverted endmill 
9. Base       19.  Air supply hose  
 
The drill-head and OCD are attached to the drilling unit by means of a dovetail rack 
and pinion mechanism, which is moved vertically by means of the fast vertical control 
knob for height adjustment, or by the stepper motor during positioning and 
incremental drilling. Drilling must be undertaken perpendicularly to the surface of the 
workpiece. This is achieved by adjustment of the three stainless steel ball-jointed feet 
which are connected to the body by threaded bars. The feet also contain magnets to 
help maintain drilling position. 
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Figure 2.27: Drill-head and OCD 
 
Figure 2.27 Underside view of the drill-head is again rotated 45º out of position and 
the OCD is used to measure the hole diameter and eccentricity by two dial gauges on 
axes 90º to one another. (The air turbine is driven by compressed air at 4.5 bar 
supplied by a standard 3hp compressor.) 
 
2.11 Summary 
Laser surface hardening is a promising technology for hardening steel. And laser 
technology also has been used in various manufacturing processing like welding, 
cutting and marking, etc. Laser hardening process will enhance wear resistance of 
automotive components as compared to conventional hardening processes. Its 
advantage can be exhibited better especially in selective hardening and complicated 
surface geometry components.  
 
It is clear from this literature review that the main parameters for laser hardening is: 
l  Laser power (P) 
l  Beam velocity (V) 
l  Laser beam size (mm) 
 
Vertical head-hosing 
microscope 
Microscope-ocular 
opening 
Air supply hose 
Drill-head housing 
the turbine 
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All these parameters will be controlled accurately in this research. Other parameters 
(sample size, process temperature and laser beam energy distribution) will be kept 
constant for all the experiments.  
 
The hole drilling method is used in situations where the residual stress is relatively 
uniform over the drilling depth. The ability to drill the relief hole is done in such a 
way that no new stresses are introduced. This is best achieved in hard materials by use 
of a high speed drill which avoids excessive rubbing of the cutting surface against the 
hole wall. This results in the measurement which approaches the actual result. 
Chapter 3  Experimental Setup 
 65 
Chapter 3 
Experimental Setup 
3.1 Introduction 
The method of producing furnace and laser hardened samples and how they were 
tested will be explained in detail in this Chapter. Experimental setup for the following 
procedures are described: chemical composition measurement; furnace hardening 
setup; metallography; optical microscope; laser surface hardening setup; temperature 
analysis; residual stress measurement; and tensile testing. 
 
3.2 Chemical Composition Measurement 
A spectrometer (Spectromax), as shown in Figure 3.1, was used to determine the 
chemical composition of the material. The average composition is given as the 
average of three spark analysis. 
 
Figure 3.1 Spectromax spectrometer  
3.3 Furnace Hardening Setup 
Furnace hardening is characterised as a conventional hardening process. In this 
processing, the heating temperature can be controlled relatively accurately. Using this 
method of processing, the relationship between heating temperature and 
microstructure can be explained. Figure 3.2 shows the heating furnace used for 
conventional hardening. 
Spectromax spectrometer tester 
Sample stage 
Clamp 
Computer and software 
Printer 
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Figure 3.2: The Heating furnace used for conventional hardening. 
 
In this experiment, a conventional induction furnace was used to heat a group of alloy 
steel samples to different temperatures. After heating some of the samples were 
cooled in oil and others in still air. 
 
3.3.1 Specimen Size 
The raw material was cut to a sample size of 60mm 10mm 5mm for furnace heating 
treatment, as shown in Figure 3.3. 
 
Figure 3.3: Furnace hardening sample (60mm 
 
 10mm 
 
 5mm) 
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The intention was to produce samples with different microstructures and hardness by 
heating to various temperatures and following various cooling methods. The 
temperatures were decided based on the iron-carbon equilibrium diagram so that the 
temperature is higher than the austenitizing temperature but lower than melting 
temperature. 
 
The experimental setup for furnace hardening is given in Table 3.1. 
 
Table 3.1: Heating temperature and cooling methods 
Temperature ( ) Holding time    (min) Cooling method  
860 10 Air cooling (Normalizing) 
900 10 Air cooling (Normalizing) 
940 10 Air cooling (Normalizing) 
980 10 Air cooling (Normalizing) 
860 10 Oil quenching 
900 10 Oil quenching 
940 10 Oil quenching 
980 10 Oil quenching 
 
Owing to the sample’s carbon content at 0.165% and the iron-carbon equilibrium 
diagram, the heating temperature should be higher than 860°C but lower than 1000°C. 
If the temperature is lower than 860°C the microstructure of AISI 1518 can not be 
austenized. But if the heating temperature is higher than 1000°C, crystal growth will 
be severe, and these big crystals will embrittle the material after quenching. An air 
and oil quenching process was used after heating processing. 
 
3.4 Metallography 
After treatment the samples were mounted in polymeric resin which include two 
pieces in each sample mount; one of the cross section and the other longitudinal, as 
shown in Figure 3.4. 
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Figure 3.4: A ground and polished specimen for evaluation. 
 
After mounting, all specimens were ground by various stages up to 1200P. Thereafter 
these specimens were polished with diamond paste to obtain a smoother surface with 
diamond polishing paste up to 3µm for testing and observation. Figure 3.5 shows the 
grinder and polisher used in this study. 
 
  
Figure 3.5: Grinder and polisher 
 
3.5 Optical Microscopy 
The setup for the Olympus optical microscope with image analyzer is shown in Figure 
3.6. The samples were etched in 2% NITAL for about 5 seconds to reveal the 
microstructure. Etching revealed the heated area of these specimens clearly. 
Optical observation was conducted at ×1000 magnification. Because of the varying 
microstructures, different magnifications were used for original, normalized and 
quenched samples. 
 
Cross section Longitudinal 
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Figure 3.6: OLYMPUS optical microscope 
 
3.6 Laser Surface Hardening (LSH) 
3.6.1 Beam Shape 
A round beam was often used for hardening with both CO2 and Nd-YAG laser beams. 
This shape, a satisfactory solution for many applications, was created by defocusing 
the beam. The depth profile of the hardened region was approximated as the mirror 
image of the beam intensity distribution, with reduced amplitude and some rounding 
of the edges resulting from lateral heat flow[29]. 
 
3.6.2 Process Parameters 
Table 3.2 Experimental settings with different scanning velocity 
EL(J/m) 1000 2000 3000 1000 2000 3000 
Power (W) 800 800 800 1200 1200 1200 
Diameter (mm) 4 4 4 4 4 4 
Velocity (m/min) 0.8 0.4 0.27 1.2 0.6 0.4 
 
From literature it was shown that when the line energy is above 1000J/m, hardening 
occurs and this has been achieved up to 3400J/m without surface melting. Therefore 
values of 1000, 2000, 3000J/m line energy were applied in prelimenary testing with 
two power settings and one spot size. Table 3.2 shows the details of the experimental 
matrix used. 
Camera content to computer 
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Sample stage 
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3.6.3 Sample Holder Design for LSH Experiment 
 
Figure 3.7: The method of emplace sample on holder 
 
 
Figure 3.8: Sample holder image 
 
Owing to the shape of the sample and that repetitive testing is required, it was 
important to ensure the sample’s accurate position every time the testing process was 
undertaken. In order to obtain good heat conductibility and stability, mild steel was 
machined to the sample holder design, as shown in Figure 3.7 and Figure 3.8. The 
holder should have as little as possible contact with the surface of the test sample. A 
thin structure is imperative to improve heat conductibility and thereby reduce the heat 
Position channel 
Heating sample 
Heat conduction hole 
Sample holder 
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conduction effect of the test sample. The sample holder also needs good heat 
conductibility; this is in order to reduce the effect of residual temperature of the 
sample holder on the next LSH process. 
 
The position channel size is 2mm bigger than the sample to ensure that samples with 
slight dimensional differences can still be accommodated in the sample holder. The 
through hole is used to improve heat conductibility of the holder. The detailed 
dimensions of the sample holder are shown in Appendix B. 
 
3.6.4 Beam Diameter 
The diameter is altered by adjusting the distance between laser head and workpiece. 
The beam diameter is determined by measuring the various beam diameters due to the 
height changing, until the expectant diameters appear. Figure 3.9 explains the concept 
in more detail 
 
In Figure 3.9: A is front view, B is top view. From the picture the relationship between 
the height of laser head and beam diameter is revealed: 
 
l  When the facula on the surface of the sample is above the focus point, the beam 
diameter is decreased with the laser head rising. 
 
l  When the facula on the surface of the sample is below the focus point, the beam 
diameter is increased with the laser head rising. 
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Figure 3.9: The relationship between the height of laser head and beam diameter 
 
Owing to this it becomes apparent that two of the same beam diameters will occur 
when the laser head rises. One beam is below the focus point as observed in point a of 
Figure 3.9 which occurred when the facula size was changed from large to small. The 
other beam is above the focus point as observed in point c of Figure 3.9. This 
occurred when the facula size was changed from the smallest to large. In order to 
protect the convex lens from flame spray during the heating process the facula above 
the focus point was always used. 
 
The first step is to apply a laser scan cycle to a material while continually increasing 
the height of the laser head. With this method the focus height can be determined. By 
noting line distance and head height, the approximate height of the laser head for 
4mm beam diameter can be calculated. The laser power is then adjusted to 60W and 
the height is changed in the program. A scan is burned on paper to determine the 
precise beam diameter. Figure 3.10 shows the laser beam testing results on burn paper. 
h h 
h h 
Above the focus point 
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Figure 3.10: Different beam diameter on burn paper with different laser head height 
 
Finally, by measuring the beam diameter on the burn paper, the height of laser head 
was be established. 
 
3.7 Temperature Analysis 
An FLIR SC1000 infrared camera was used for temperature analysis. It was used to 
investigate the maximum heating temperature reached and the cooling rate due to 
various scanning velocities. The results from the thermal camera were analyzed using 
ThermaCAM Researcher 2002 software. The temperature measurements were taken 
at positions as shown in Figure 3.11. There are three measurements on every sample 
i.e. 
 
l  A  Record the temperature at the green point before laser scanning; 
l  B  Record the temperature at the green point when laser scanning this position; 
l  C  Record the temperature at the green point after laser scanning. 
 
(a) 225mm 
height 
(b) 220mm 
height 
(c) 215mm 
height 
(d) 210mm 
height 
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Figure 3.11: Position and time of temperature measurement 
 
3.8 Residual Stress Measurement 
The strain gauge is applied at the predetermined point on each sample. The three grids 
are connected to the MGC amplifier after which the Drilling Device is positioned over 
the specimen and then the drilling head was aligned and leveled to the drilling 
location on the strain rosette. The feet of the Drilling Device were secured to the 
worktable and the end mill was brought as close as possible to the strain rosette and 
locked in that position. 
 
In this investigation the drilling parameters, such as, number of incremental steps, 
depth as well as delay time were predetermined and entered into the software. After 
the gauges were zeroed, drilling commenced. The holes were drilled to a depth of 
2mm in 20 steps with the depths increasing incrementally from 0.01mm to 0.13mm. 
When the drilling was completed, the eccentricity of the hole was measured using the 
optical device in accordance with the requirements set out in ASTM E837. These 
measurements were entered into the software for the final data processing of the strain 
results corresponding to their incremental depths. 
 
Throughout this research the surface preparation for strain gauge installation was done 
according to the manufacturer’s recommendations. An EA-06-062RE-120 type of 
A B C 
Before scanning During scanning After scanning 
Temperature 
record position 
Scanning direction Laser head 
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rosette strain gauge was used for evaluations. It was necessary to use a rosette strain 
gauge with a small diameter because of the relatively narrow laser track. Locations of 
the strain gauges are shown in Figure 3.12 
 
 
Figure 3.12: Strain gauge location for residual stress measurements 
 
All the samples were bead blasted to obtain clean and rough surface finishes before 
laser processing. For residual stress evaluation, the following test parameters were 
used: 
 
l  Drilling depth:       2mm 
l  Distribution of drilling steps:    Polynomial 
l  Number of incremental drilling steps:  20 incremental steps 
l  Diameter of endmill:      1.6mm  
l  Type of gauge:        EA-06-062RE-120 
l  Material type:       AISI 1518 alloy steel 
l  Young’s Modulus:      200 GPa 
l  Poisson’s ratio:       0.3 
l  Drilling feed rate:      0.2mm/second 
 
3.9 Tensile Testing 
Tensile testing was done mainly to determine the yield strength of the material as it is 
important to know this value when evaluating residual stress results. Figure 3.13 
Hardened sample 
8.5mm 8.5mm 
Strain gauge position 
Hardened region 
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shows the test specimen dimension according to ASTM standards[31], the detail of 
which is shown in Appendix C. 
 
 
Figure 3.13: Tensile testing specimen’s image 
3.10 Summary 
All the information in this Chapter is very important in order to ensure reproducibility 
of results. All experimental setup were discussed and the results will be discussed in 
Chapter 4. 
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Chapter 4 
Results Analysis and Conclusions 
4.1 Introduction 
In this Chapter all the results from furnace and laser hardening processing will be 
analysed. Research was carried out to determine the relationship between heating 
temperature, cooling method, microstructure and hardness for conventional furnace 
heat treatment. Through analysis of experimental results the researcher determined an 
optimum hardening parameter for furnace hardening related these results to the laser 
surface hardening process. 
 
In the LSH results section, optimum parameters for hardening this type of alloy steel 
were determined by analysis of hardness results and microstructure transformation. 
The relationship between hardening depth and relieved residual stress are also 
discussed. 
 
4.2 Furnace Hardening Results  
4.2.1 Analysis Results 
Depending on the chemical composition of the steel, the iron-iron carbide equilibrium 
diagram can be used to determine the heating temperature of the steel. In addition, the 
name of this kind of alloy steel is known by referring to the AISI standard, it is 1518 
low alloy steel. This indicates that the carbon content is approximately 0.18% by 
weight.  From Table 4.1 the carbon equivalent can be calculated according to 
equation 4.1, which resulted in a value of 0.175% 
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Table 4.1: Result of chemical analysis 
C  % Si  % Mn  % P  % S  % Cr  % 
0.165 0.347 1.29 0.0083 0.011 0.037 
Ni  % Mo  % Al  % Cu  %  Co  % Ti  % 
0.016 0.0029 0.044 0.010 0.0019 0.0012 
Nb  % V  % W  % Pb  % B  % Sb  % 
<0.0010 <0.0010 0.024 0.0063 0.0011 0.0050 
Sn  % Zn  % As  % Bi  % Ta  % Ca  % 
0.0034 0.0019 0.0058 0.0040 0.013 0.0005 
Ce  % Zr  % La  % Se  % N  % Fe  % 
<0.0020 0.0019 0.0004 0.0070 0.0075 98.0 
 
 
4.2.2 Microhardness Results 
The microhardness of all the specimens was measured by using a Vickers hardness 
tester. A 500g load and 15 second load time was applied to the specimens. The 
average hardness of the original specimen is 149 HV; other specimens’ microhardness 
is shown in Table 4.2. It is evident from Figure 4.1 that quenching processing 
improves the hardness to much higher values than normalizing. 
 
Table 4.2: The microhardness of different heating temperature and cooling methods 
Heating 
Temperature (°C) 
860 900 940 980 
Normalized 155 HV 154 HV 156 HV 152 HV 
Quenched 216 HV 228 HV 277 HV 333 HV 
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Figure 4.1: The microhardness of different heating temperature and cooling methods 
 
4.2.2.1 Normalized Samples 
The result shows the hardness of air cooled samples stays more or less constant, the 
reason being that the same resultant microstructure is evident in normalized samples 
i.e. fine pearlite and ferrite, which results in almost the same hardness and character 
for all samples. 
 
     
Figure 4.2: Body Centred Cubic (BBC)[32] 
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Figure 4.3: Face Centred Cubic (FCC)[32] 
 
As the temperature rises, increasing amounts of austenite are formed until about 
860°C (for 0.175% carbon content alloy steels) when the entire structure is austenitic. 
The solubility of carbon is much higher in austenite than in ferrite and carbon atoms 
diffuse through the crystal matrix and take up different positions within the crystals. 
Ferrite structures are Body Centred Cubic (BCC) whereas austenite structures are 
Face Centred Cubic (FCC), as shown in Figure 4.2 and 4.3 respectively, and the 
change in structure starts at approximately 720°C. The temperature at which 
transformation occurs changes with alloy content. 
 
Once the steel has been fully austenitized it was quenched in oil. The austenite, which 
has carbon atoms sitting in specific sites within the crystal lattice, will not have time 
to transform properly to the low temperature BCC structure as the transformation 
needs time for diffusion. The result is a heavily distorted structure which is known as 
martensite. Owing to the crystal lattice distortion martensite is very hard and wear 
resistant. This is the reason that the hardness was increased by quenching. 
 
But when the material was cooled in air after the heating processing (normalizing), 
transformation of the FCC crystal phase began when the temperature dropped to 
below approximately 790°C. As the temperature continued to decrease, the 
transformation was essentially complete at 725°C. During this transformation, the 
carbon atoms diffused from the lattice because they were essentially insoluble in the 
alpha crystal (BCC). Thus, in normalizing, the alloy and carbon atoms returned to the 
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same state before heating. The result affected the distribution of carbon which is now 
more uniform in the material. Normalizing usually is used as a conditioning treatment, 
notably for refining the grains of steels that have been subjected to high temperature 
forging or other hot working operations. Figure 4.4 show the effect of the cooling rate 
on structure transformation. 
 
 
 
Figure 4.4: The structure in different cooling rate of TTT diagram for 0.2%C steel[33] 
 
4.2.2.2 Quenched Samples 
The results of the quenched samples’ hardness showed a great difference in the 
hardness of martensite. The hardness of martensite is directly related to the percentage 
carbon dissolved in austenite, a higher carbon content austenite can obtain a higher 
hardness martensite. And the carbon solubility of austenite is increased with increases 
in temperature. The heating temperature can not rise unrestrainedly, as it will lead to 
grain growth of the austenite which will result in an embrittled martensite structure. 
This kind of matensite will increase the brittleness of steel and induce workpiece 
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craze and distortion. Normally the heating temperature is always between 30-50°C 
above the upper critical temperature but below 1000°C.  
 
The percentage martensite is different in the various samples. The reason is that 
insufficient heating temperature caused the samples not to austenitize entirely. This 
resulted in the presence of some ferrite in the structure with martensite after the 
quenching process. The remnant ferrite leads to a reduction in hardness. So, from the 
heating temperature of 860°C to 980°C, the percentage ferrite decreases and 
martensite content increases as the temperature rises. In the 980°C quenching sample 
there is almost no ferrite present; the structure is mostly composed of martensite, so 
its hardness is the highest of all samples. This is another factor of the hardness 
increase with heating temperature rises. 
 
4.2.3 Microstructure Analysis 
4.2.3.1 Original Specimen 
The original specimen’s microstructure is shown in Figure 4.5. It is composed of 
ferrite (the white structure) and relatively coarse pearlite (the dark structure), both of 
them are relatively soft (compared to martensite), so the average hardness is very low 
i.e. 149 HV. 
 
 
 
Figure 4.5: Original microstructure of AISI 1518 alloy steel (×1000, 2% Nital) 
Pearlite 
Ferrite 
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4.2.3.2 Normalized specimens 
Normalizing is a heat treatment in which the steel is heated into the austenite region, 
somewhat above the range used for hardening, and cooled in air.  It is to be 
understood that cooling common sizes in air will require only minutes to cool to 25°C 
(room temperature), but for large sizes cooling in air may be equivalent to annealing 
smaller sizes[10]. 
 
The process is used to convert a heterogeneous structure, such as develops from a 
high austenitizing temperature treatment to a finer and more uniform structure. The 
microstructure in Figure 4.6 to Figure 4.9 shows the effect. 
 
The microstructure of a normalized specimen can be observed at more than 1000× 
magnification. From Figure 4.6, the lamellar structure is finer than pearlite of the 
original specimen, and the microstructure is more uniform than the original sample. 
Owing to these two factors, the microhardness and machining property of the 
normalizing specimen should be improved. This structure was also composed of 
ferrite and cementite like pearlite, but it is finer than general pearlite, so it was named 
fine pearlite in this document. 
 
  
Figure 4.6: Microstructure of 860°C normalized sample,  a) ×500, 2% Nital; b) ×1000  
(2% Nital) 
 
The 900°C normalized sample’s lamellar structure (Figure 4.7) is slightly coarser than 
the 860°C sample but finer than the original one, and the microstructure more uniform 
than the original. The microhardness of the 900°C normalized sample is higher than 
a 
b 
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the original sample but almost the same as the 860°C sample. 
 
 
Figure 4.7: Microstructure of 900°C normalized sample. (×500, 2% Nital) 
 
The fine pearlite structure of the 940°C sample is similar to the 860°C one, but by 
comparison of these two microstructures (Figure 4.6 and Figure 4.8) the pearlite 
structure of the 940°C sample is finer than the 860°C sample. This lead to a 
microhardness that is slightly higher than the 860°C sample’s. It has the highest 
microhardness of all normalized samples. 
 
 
Figure 4.8: Microstructure of 940°C normalized sample. (×500, 2% Nital) 
 
Owing to the heating temperature being so high, the pearlite structure of 980°C has 
grown bigger and coarser, as shown in Figure 4.9. As a result of this changed 
circumstance the microhardness of this specimen was reduced. 
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Figure 4.9: Microstructure of 980°C normalized sample. (×500, 2% Nital) 
 
4.2.3.3 Quenched Samples 
860°C is the lower boundary transformation temperature for this type of alloy steel, so 
the structure noted at this temperature can not transform completely into austenite. 
From Figure 4.10 the microstructure was composed of a small patch of martensite 
with the majority of the structure consisting of ferrite and ferrite carbide aggregate. 
The hardness of the sample was determined by the martensite content, but owing to 
the high percentage of ferrite retained in this sample there was only a slight increase 
in hardness. 
 
 
Figure 4.10: Microstructure of 860°C quenched sample (×500, 2% Nital) 
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Figure 4.11: Microstructure of 900°C quenched sample (×500, 2% Nital) 
 
From the microstructure picture of the 900°C quenched sample (Figure 4.11), the 
ferrite content was obviously reduced. The reason being that with the temperature 
increase the austenite transformed completely and grew bigger, so the quenching 
processing obtained more martensite than the 860°C sample and consequently the 
hardness was improved.  With the rising heating temperature, the carbon solubility of 
austenite also increased. As more carbon atoms were dissolved in austenite, it 
increased the percentage of martensite after the cooling process. This change is clearly 
seen in Figure 4.12. The structure contained a high amount of martensite which 
resulted in increased hardness. 
 
 
Figure 4.12: Microstructure of 940°C quenched sample (×500, 2% Nital) 
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980°C is an optimum heating temperature for AISI 1518 alloy steel. With this 
temperature the austenite has a high carbon solubility and the crystal does not grow 
too big. This means that the martensite has a high hardness, is finer and has a uniform 
structure, as Figure 4.13 shows. The microstructure is almost composed of 100% 
martensite, so its hardness is the highest of all quenched samples. 
 
 
Figure 4.13: Microstructure of 980°C quenched sample (×500, 2% Nital) 
 
4.3 Laser Surface Hardening 
4.3.1 Microhardness Analysis 
The different microhardness results are due to the various processing parameters 
(scanning velocity and laser power). In this research the main investigation was to 
plot the material hardness changing due to different line energy. 
 
Table 4.3 shows the various experimental settings. Only those parameters that could 
yield significant hardening results were evaluated further (e.g. microhardness and 
microstructure analysis). 
 
 
 
 
Lath martensite 
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Table 4.3: Experiment parameters 
Power (W) Beam diameter (mm) Scan velocity (mm/s) EL (J/m) 
22 600 
18 750 800 4 
15 900 
33 600 
27 750 1200 4 
22 900 
 
Line energy is the quotient of laser power (W) and scanning velocity (m/min), and the 
resultant unit is J/m. 
 
Analysis of the microhardness magnitude vs. line energy resulted in Figure 4.14. The 
hardness indentations were made in the hardened area of the irradiated line and the 
results indicates the average values of hardness as shown in Figure 4.15(a). Figure 
4.15(b) shows the measurement method of hardness distribution through the 
cross-section (width) of hardened layer. 
 
Figure 4.14: Microhardness analysis of LSH specimens 
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Figure 4.15: Hardness measurement area indication. 
 
It is clear from Figure 4.14 that the most dramatic change in hardness can be seen on 
the sample surface after LSH processing. The hardness was improved almost three 
times from the original material. The best result is obtained from 750J/m line energy 
for the 1200W laser power sample. Almost the same hardness result was obtained for 
800W; 900J/m line energy and 1200W; 600J/m line energy. The range in hardness 
results for the two laser power setting is as follows: 
• Hardness range of 800W  -  42HV 
• Hardness range of 1200W  -  31HV 
 
From the range of hardness results it could be seen that the most dramatic change in 
hardness on the specimen irradiated with the 800W laser power. 
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Figure 4.16: The distribution of hardness through the cross-section (depth) of hardening 
layer (800W) 
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Figure 4.17: The distribution of hardness through the cross-section (depth) of hardening 
layer (1200W) 
 
The relationship between hardness distribution and hardening depth, has been noted in 
Figure 4.16 and Figure 4.17. The test position has been indicated in Figure 4.15(b). 
There are three layers in the hardening area. The green line indicates the hardening 
layer of 750J/M line energy specimen for illustration purposes. 
 
The explanation of the various layers is as follows: 
 
Hardened layer: It is composed of lath martensite and some retained austenite. This 
layer only appeared near the irradiated surface, and the hardest area is 0.2mm below 
the irradiated surface. 
 
Transition layer: In this layer martensite content is decreasing, the content of 
retained austenite and ferrite are increasing so the hardness decreases with the depth 
increment. 
 
Interim layer: This layer is considered a heat affected area. Because heating 
temperature in this layer is lower than Ac3 and cooling rate is slow, the microstructure 
consists of various transformation products commonly found in steel. Owing to the 
special structure, its hardness is lower than martensite but higher than the original 
material. 
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Hardness distribution along the width of the irradiated area results are shown in 
Figure 4.18 and Figure 4.19. Hardness indentations were made approximately 0.1mm 
below the irradiated surface and along the width of hardened zone. From these two 
Figures it can be seen that different line energy had a definite effect on hardness 
distribution with low or high laser power. The hardening width increased with line 
energy and also increased with laser power. 
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Figure 4.18: The distribution of hardness along the width of hardened zone (800W) 
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Figure 4.19: The distribution of hardness along the width of hardened zone (1200W) 
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4.3.2 Hardening Depth and Width 
In order to get accurate measurements, both the depth and width distance was 
measured with an optical microscope and analysis software, as shown in Figure 4.20. 
 
 
Figure 4.20: ZEISS light microscope and computer 
 
The results of line energy and hardening depth is shown in Figure 4.21 
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Figure 4.21: The relationship between hardening depth and line energy 
 
The best linear regression line through the result points on the curve yielded the 
following equations: 
800W laser power:  y = 0.0006x - 0.0317      (Equation 4.2) 
1200W laser power:  y = 0.0011x - 0.1133      (Equation 4.3) 
ZEISS optical microscope 
Illumination device 
Sample stage 
Control stage 
Computer and software 
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The depth of hardening increases as the line energy increases and the depth of 
hardening also increases as the laser power increases. The relationship between 
hardening width and line energy is shown in Figure 4.22. 
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Figure 4.22: The relationship between Hardening width and line energy 
 
Linear regression yielded the following equations: 
800W laser power:  y = 0.0021x + 1.3383      (Equation 4.4) 
1200W laser power:  y = 0.0029x + 1.2967      (Equation 4.5) 
 
With the line energy increase for the same laser power, the scanning velocity was 
reduced which lead to an increase in heating time at the sample surface. The 
prolonged heating time induced heating and conduction further into the material 
which leads to the hardening depth and width increasing simultaneously. For the same 
line energy, the higher power produced a higher power density in the same area and 
higher temperature, therefore the hardening depth and width of the high laser power is 
deeper than the low power for the same line energy. 
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4.3.3 Microstructure 
4.3.3.1 800W Laser Power 
The original microstructure is shown in Figure 4.23. The main composition is ferrite 
(white phase) and pearlite (dark phase). 
 
 
Figure 4.23: Microstructure of original material (X500 2%Nital) 
 
The entire hardened area for 800W laser power samples are shown in Figure 4.24.  
 
 
Figure 4.24: Entire hardened area pictures of 800W laser power, a) 900 J/m line energy; b) 
750J/m line energy; c) 600J/m line energy. 
Ferrite 
 
Pearlite 
 
Hardened layer 
Transition layer 
Interim layer 
a b 
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It is evident that the hardening profile is at the top surface with the depth and width of 
hardening increasing with an increase in line energy. Different structures appeared at a 
greater depth from the surface which were difficult to etch by 2% Nital. At lower 
magnification it appears as a white, light band between the hardened layer and bottom 
layer (Figure 4.24).  From Figure 4.25 it can be seen that the hardened area consists 
of three layers i.e. 
l  Hardened layer 
l  Transition layer 
l  Interim layer 
 
The fast laser scanning process results in a very high surface temperature of the 
sample and cooling rate, and the carbon equivalent content of this type steel is 0.175%. 
This caused the structure in the surface layer to transform to martensite after cooling. 
In the transition and interim layer, both temperature and cooling rate decreased with 
depth increasing, so the percentage martensite was reduced with the percentage 
retained austenite and ferrite increasing. 
 
  
 
Figure 4.25: a) Hardened layer; b) Transition layer; c) Interim layer 
a b 
c 
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The temperature in this interim layer is lower than transformation temperature and 
experienced a rapid cooling rate that induced a microstructure which was composed 
of single phase ferrite with grains consisting of very fine untempered lath martensite. 
The structure transformed to austenite when the material was heated. The austenite 
phase dissolved a sufficient amount of carbon during heating and when the laser beam 
passed over, the austenite zone was quenched to the hardened area. The surrounding 
area was only composed of ferrite due to the carbon which had been dissolved in the 
hardened zone. The hardness was lower than that of martensite but higher than the 
original material and the thinkness was between 0.13-0.16mm from the surface in all 
the specimens evaluated. The higher hardness of the ferrite phase is due to solid 
solution strengthening of the silicon and manganese in the ferrite matrix.  At higher 
magnification the microstructure are better resolved and the martensite structure can 
be observed. Figure 4.26 shows the microstructure at higher magnification by a 
scanning electron microscope. 
 
 
 
Figure 4.26: Hardened layer microstructure of 800W laser power, a) 900J/m line energy; b) 
750J/m line energy; c) 600J/m line energy. 
 
a b 
c 
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With higher magnification the microstructure consists mainly of martensite. From 
Figure 4.26 it can be seen that the percentage of martensite decreased with a 
decreasing line energy. Owing to the low martensite content, the hardness of the 
600J/m line energy sample was lower than the others. More pronounced needle like 
martensite appears in the 750J/m line energy sample, due to the suitable parameter 
bringing a suitable heating temperature and cooling rate. This setting produced the 
highest hardness of all samples for the 800W laser power samples. 
 
Figure 4.27: Microstructure of bottom region of sample. (X500, 2%Nital) 
 
The microstructure at the bottom surface (Figure 4.27) does not look that much 
different to the microstructure of the original sample. It also consists of a ferrite 
matrix with some grains of pearlite. There is no martensite or bainite in the 
microstructure. This means that the temperature passed through the transformation 
layer and was reduced enough not to cause any breakdown of the pearlite 
microstructure. 
 
 4.3.3.2 1200W Laser Power 
With the laser power increase, both the hardened depth and width are increased. From 
Figure 4.28, all the changes only occurred in the hardened layer and transition layer 
but not in the interim layer. The thickness of the interim layer for all the samples is 
between 0.13-016mm almost same as 800W laser power samples’.  
 
Figure 4.29 shows the microstructure at higher magnification. 
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Figure 4.28: Entire hardened area pictures of 1200W laser power, a) 900 J/m line energy; b) 
750J/m line energy; c) 600J/m line energy. 
 
 
From Figure 4.29, it is clear that martensite is the main structure in the hardened layer. 
With the higher laser power application, a higher heating temperature was produced, 
which resulted in a coarser martensite structure than for the 800W laser power 
samples.  On the other hand, the coarser martensite is more brittle, which will lead to 
a reduction the toughness of the material. With line energy decreasing, the amount of 
carbon dissolved in austenite decreases, thereby transforming to martensite with a 
lower carbon content and hence lower hardness. 
 
Hardened layer 
 
Laser irradiated surface 
 
Transition layer 
Interim layer 
 
 
c 
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Figure 4.29: Hardened layer microstructure of 1200W laser power,  a)  900J/m line energy; 
b)  750J/m line energy;  c)  600J/m line energy. 
 
4.3.4 Temperature Analysis 
Three samples were produced using the parameters as show in Table 4.4. The 
temperature of the laser scanning process was recorded by an infrared thermal camera, 
and the maximum temperatures recorded are given in Table 4.4. 
 
Table 4.4: Temperature reading for all the experimental samples 
Power 
(W) 
Beam 
diameter(mm) 
Scanning 
velocity (mm/s) 
Line energy 
(J/m) 
Max temperature 
measured (°C) 
15 900 1166.6 
18 750 1095.6 800 4 
22 600 1020.6 
22 900 1498.5 
27 750 1399.7 1200 4 
33 600 1295.7 
 
a b 
c 
Retained austenite 
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Every sample’s temperature was measured in the center of the scanning line. Using 
ThermaCAM Researcher 2002 software, it was determined that the same temperature 
distribution occurred during the scanning process and almost the same heating 
temperature was recorded along the length of the heating line for the same sample. 
Figure 4.30 and Figure 4.31 shows the images. 
 
 
Figure 4.30: 800W laser power (a) 900J/m line energy; (b) 750J/m line energy; (c) 600J/m 
line energy 
 
 
Figure 4.31: 1200W laser power (a) 900J/m line energy; (b) 750J/m line energy; (c) 600J/m 
line energy 
 
In Figure 4.32 the LI01 black line shows the profile of this type of laser beam. From 
the peak and shape it resembles a Gaussian distribution. The temperature distribution 
is highest at the center and decreases circumferentially. The special beam shape 
a b c 
Scanning direction Scanning direction 
 
Scanning direction 
 
a b c 
Scanning direction Scanning direction Scanning direction 
Chapter 4  Results and Conclusions 
 101 
induces the uniform hardened region. The hardening depth change is according to 
heating temperature. With same scanning velocity, the higher temperature induces 
deeper hardening depth. This type of beam concentrates the temperature in the center, 
so the deepest hardening depth also appears in the center of hardening line profile. 
Temperature was decreased from beam center to circumference and caused the 
hardened depth to be shallower from center to edge. LI02 red line showed the 
temperature distribution along the scanning direction. The cooling condition can be 
seen clearly from the red curve in Figure 4.32. 
 
 
Figure 4.32: Image of 900J/M line energy for 800W laser power  
 
All the LI01 and LI02 indication lines are the same length for every image, so that 
their temperature distribution can be compared. Figure 4.32 shows the temperature 
profile and gradient along the scanning direction for 900J/m of the 800W laser power, 
more temperature profiles are shown in Appendix D. The results are shown in Figure 
4.33. 
 
From Figure 4.33 the relationship between heating temperature and line energy can be 
observed. The temperature is above the upper critical temperature limit for steel. From 
Figure 4.33 it can be seen that the heating temperature increased according to line 
energy changing, and with the same line energy, higher applied power can obtain 
higher heating temperature for the same samples. The relationship between maximum 
temperature reached and line energy is linear. 
Start heating 
Temperature lower than 230°C 
Peak of laser beam 
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Figure 4.33: Graph showing line energy-temperature data for every sample 
 
It is clear from Figure 4.33 that the heating temperature is decreasing with line energy 
decreasing. The two settings as indicated on Figure 4.33 resulted in approximately the 
same hardness i.e. HV 431 vs. HV 435. It was also observed that the temperature 
distribution in the laser spot shows a distribution that is a maximum in the center and 
decreasing at the perimeter of the beam spot. By using the software both the 
maximum temperature and cooling time can be accurately determined and therefore 
the cooling rate can be accurately calculated. 
 
Time-temperature readings taken from the thermal camera recordings are shown in 
Table 4.5.  A graphical representation of the data in Table 4.5 is shown in Figure 
4.34. 
 
Because 230°C is the minimum temperature that can be measured by the thermal 
camera with the high temperature filter, the cooling rate can be calculated by the 
following equation. 
 
t
TR ∆=               Equation (4.2) 
 
Where: R = Cooling rate; Ł T = Reduced temperature; t = cooling time (to reach 
230°C) 
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Table 4.5 Time-temperature readings for LSH samples 
Line 
energy 
(J/m) 
Power 
(W) 
Max 
temperature 
(°C) 
Reduced 
Temperature 
(°C) 
Cooling time 
to 230°C
(s) 
Cooling 
rate 
(°C /s) 
800 1020.6 790.6 0.401 1972 
600 
1200 1295.7 1065.7 0.453 2353 
800 1095.6 865.6 0.500 1731 
750 
1200 1399.7 1169.7 0.563 2078 
800 1166.6 936.6 0.619 1513 
900 
1200 1498.5 1268.5 0.699 1815 
 
A comparison in cooling rate is shown in Figure 4.34; it decreases with line energy 
decreasing, due to the scanning velocity increasing. Because the low line energy has 
high scanning speed at the same power, the beam is able to pass over the heat area 
very quickly, and induce a fast cooling rate. The change in cooling rate for the low 
laser power (800W) is greater than for the high laser power (1200W). 
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Figure 4.34: Cooling rate for every sample with different line energy 
 
From the results it can be found that all the samples were heated above 1000°C. 
Owing to the short heating time and high cooling rate, surface melting was avoided 
and higher hardness resulted than furnace hardening. 
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4.3.5 Residual Stress Analysis 
According to ASTM E837-01, the following information should be included when 
reporting on residual stress analysis: 
 
l  Plot of strain versus depth for each gauge; 
l  Tabulation of strains e1, e2 and e3 at all locations; 
l  Tabulation of stresses and direction of stresses at all locations. 
 
4.3.5.1 Original Material 
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Figure 4.35: Strain relaxation curve as a function of drilling depth (Original sample) 
 
In this section, the relieved residual stress magnitude in the original material before 
hardening was analyzed. Figure 4.35 shows a strain versus hole depth for the original 
sample. 
 
The magnitude and direction of the principal relieved stresses as calculated according 
to ASTM E837-01 are tabulated in Appendix E. From Figure 4.35, a steep gradient 
from the surface inwards can be observed. Thus it is evident that the sample exhibits a 
non-uniform residual stress distribution so that the Average Stress Method or 
Equivalent Uniform Stress Method will be used to compare the results obtained for 
the various samples. By definition, the equivalent uniform stress is that stress 
magnitude which, if uniform, would produce the same total relieved strain at any 
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depth, as measured during hole drilling[34]. 
 
The results from this technique will provide qualitative information about the stress 
variation with depth. Using the data generated in Appendix E, the graph in Figure 4.36 
of relieved residual stress (maximum and minimum principal stress) versus hole depth 
can be plotted[35]. 
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 Figure 4.36: Plot of relieved residual stress versus hole depth (Original sample) 
 
From Figure 4.36 it can be seen that the maximum and minimum was calculated, 
principal stresses are mostly tensile in the deeper layers of the material and slightly 
compressive in the surface layer. 
 
4.3.5.2 900 J/m Line Energy 
For comparative purposes all the measuring positions are the same for every sample 
as indicated in Figure 3.12 of Chapter 3. 
 
The results plotted as relieved strains as a function of hole depth are shown in Figure 
4.37. The negative relieved strain in the bulk of the sample is more than the positive 
magnitude in the surface. The results of the calculated principal stresses and 
corresponding angles are given in Appendix E. 
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Figure 4.37: Strain relaxation curves as a function of drilling depth (800W) 
 
è'ìíêN
OêP
êíêN
Oê'ê
ìíêN
OêP
ë íêN
OêQ
ë íìN
OêQ
éíêN
OêQ
éíìN
OêQ
ê êí'éì ê'íì ê'í
Pì ë ë íé'ì ë í'ì ë í
P'ì é
îïð'ñòó'ôôõ
R
ý þ
÷
ü
ü
S
ß

TU
V
W'ô
Xô T
W
YWô
X'ô
 
Figure 4.38: Plot of relieved residual stress versus hole depth (800W) 
 
Figure 4.38 is a plot of the calculated principal stresses (minimum and maximum) 
versus hole depth for the same sample. It is clear that the relieved stress is 
compressive in the hardened area and tensile with increasing depth. 
 
During the laser power increase, the positive relieved strain also increased for the 
same line energy. Figure 4.39 and 4.40 gives the relieved strain curve and its matching 
principal relieved stress curve with the laser power of 1200W, respectively. The 
calculated principle stress (minimum & maximum) values are given in Appendix E. 
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Figure 4.39: Plot of relieved residual stress versus hole depth (1200W) 
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Figure 4.40: Plot of relieved residual stress versus hole depth (1200W) 
 
4.3.5.3 750J/m Line Energy 
The strain relaxation curves as a function of hole depth is shown in Figure 4.41. The 
calculated principal stresses and corresponding angles are given in Appendix E. 
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Figure 4.41: Strain relaxation curves as a function of drilling depth (800W) 
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Figure 4.42: Plot of relieved residual stress versus hole depth (800W) 
 
Figure 4.42 is a plot of relieved stress versus hole depth for the 800W samples. It is 
clear that the value of compressive residual stresses is increasing, but the region 
(depth) is decreasing. This means higher compressive residual stresses were produced 
than the 900J/m line energy sample, but its depth was reduced. 
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Figure 4.43: Strain relaxation curves as a function of drilling depth (1200W) 
 
The strain relaxation curves as a function of hole depth is shown in Figure 4.43 for the 
1200W; 750J/m line energy sample. 
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Figure 4.44: Plot of relieved residual stress versus hole depth (800W) 
 
The calculated principal stress results with their corresponding angles are given in 
Appendix E. The principal relieved stresses versus hole depth is shown in Figure 4.44. 
The same result is that higher compressive residual stresses were produced and a 
shallower depth was measured than the same line energy with 1200W laser power 
sample. 
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4.3.5.4 600J/m Line Energy 
The strain relaxation curves as a function of hole depth for 600J/m line energy and the 
800W laser power sample is shown in Figure 4.45. The calculated principal stresses 
results with their corresponding angles are given in Appendix E. 
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Figure 4.45: Strain relaxation curves as a function of drilling depth (800W) 
 
The graphic illustration of the principal stresses versus hole depth is shown in Figure 
4.46. For this sample, both of the compressive residual stresses values and its depth 
were reduced. Higher tensile residual stresses were apparent in the bulk of samples. 
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Figure 4.46: Plot of relieved residual stress versus hole depth (800W) 
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Figure 4.47 and 4.48 gives the strain relaxation curve and its matching principal 
relieved stress curve as a function of hole depth for the 600J/m and 1200W laser 
power sample, respectively.  
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Figure 4.47: Strain relaxation curves as a function of drilling depth (1200W) 
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Figure 4.48: Plot of relieved residual stress versus hole depth (1200W) 
 
Compared with the 750J/m and 1200W laser power sample, both the compressive 
residual stresses values and its depth were reduced. 
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4.3.5.5 Combined Curves 
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Figure 4.49: Plot of relieved residual stress versus hole depth (800W) 
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Figure 4.50: Plot of relieved residual stress versus hole depth (1200W) 
 
The relationship between these residual stress results can be explained through 
comparing the equivalent uniform stress of these samples. Only the minimum (more 
compressive) relieved stress will be plotted since it is the compressive residual surface 
stresses that have the most effect on hardness and wear resistance. These curves were 
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plotted in Figure 4.49 and Figure 4.50, with the curve of the original plate also 
indicated for comparison. 
 
From Figure 4.49 and Figure 4.50 it can be observed that the relieved stresses are 
tensile in the bulk for all the samples, and compressive at the surface. By comparing 
these curves it can be seen that the compressive stresses region (negative value region) 
was reduced with line energy decreasing (as indicated by red line), which corresponds 
well with hardening depth change as was analyzed in Section 4.2.3. From this 
comparison it is evident that the relieved stresses in the hardened area is compressive, 
this is because the structure changed from pearlite and ferrite to martensite which 
brought about a compressive residual stresses in the hardened layer. In other words 
the compressive residual stress changed due to a hardened depth changing. 
 
From these two figures it is also can be seen there are the same residual stresses 
values (negative value) for 900J/m line energy; 800W power (dark blue curve in 
Figure 4.49) and 600J/m line energy; 1200W power (yellow curve in Figure 4.50) 
which can be expected since their hardness values are similar. 
 
4.3.5.6 Visual Inspection of Drilled Hole 
 
Figure 4.51: Cross-sectional view of drilled hole 
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Figure 4.51 is a typical cross-sectional view of the drilled hole. It can be seen that the 
hole has a slight taper towards the bottom of the hole. This change in shape could be 
due to the relieving of residual stresses. The compressive residual stress distributes on 
the surface and tensile residual stress distributes in the deeper layer as was discussed 
in the previous section. After drilling the compressive stress caused the hole size to 
decrease near the surface, and the tensile stress caused the size to increase at the 
bottom. This will cause the strain gauge to change its length. The edge of the gauge 
that is closest to the hole will move a greater distance than the edge that is further 
from the hole, as illustrated in Figure 4.52. 
 
 
Figure 4.52: Schematic of drilled hole due to released stresses 
 
When the gauge has been extended it gives a positive value, but it is the result of a 
compressive (negative value) stress in the material. The opposite applies for the 
negative strain, which results in a negative value on the strain gauge and a tensile 
(positive value) stress in the material. 
 
The different residual stresses distribution can be attributed to the different 
microstructures observed. From Section 4.2.4 it is clear that the microstructure in the 
surface region of the samples is very different to the original plate. In the surface layer 
the structure, which is martensitic, induced the compressive stress in the surface of 
material. This difference in microstructure could be a contributory factor for the 
Original gauge length Original diameter of hole 
Final gauge length Final diameter of hole due to drilling 
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tapered appearance of the hole, as the surface layer consists of a harder structure than 
the material found towards the center of the sample. 
 
4.3.5.7 Microhardness Correlation 
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Figure 4.53: Relieved residual stress and Vickers hardness as a function of depth below the 
laser irradiated surface (800W laser power) 
 
 
The relationship between residual stress magnitude and hardness can be explained by 
Figure 4.53 and Figure 4.54. From these Figures it can be observed that a steep 
residual stress and hardness gradient is contained in the surface layers. The higher 
compressive residual stress induces higher hardness in the hardened layer, which 
corresponds well with its hardness plot. The compressive residual surface stresses also 
improve the material’s wear resistance. 
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Figure 4.54: Relieved residual stress and Vickers hardness as a function of depth below the 
laser irradiated surface (1200W laser power) 
 
According to literature, the elastic limit of a material can be determined by a simple 
hardness test using a pyramidal indenter, as in the Vickers hardness test[36]. Using 
Vickers and Meyer hardness, an empirical equation was found that allowed for the 
calculation of the yield strength. 
 
2
2.0 )1,0(3
−
=
mHVσ             Equation (4.2) 
 
Where: HV = Vickers hardness and m is the Meyer exponent. 
 
Due to the fact that there is a correlation between hardness and strength, the change in 
yield strength ( yσ∆ ), relative to the original yield strength of the material ( yoσ ), can 
easily be estimated based on the change in hardness ( HV∆ ), relative to the hardness 
of the original material ( oHV )[36]. 
oyo
y
HV
HV∆
=
∆
σ
σ
              Equation (4.3) 
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This information is of great importance, since residual stress values bigger than 60 
percent of the material’s yield strength is considered to contain errors[35]. According to 
literature this value can be as low as 50 percent of yield strength and as high as 80 
percent of yield strength. Therefore to estimate the yield strength of the surface layer 
of the specimens, one can apply equation 4.3 to the specimens’ hardness results. 
Figure 4.55 shows the actual tensile data of the original material. 
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Figure 4.55: Tensile results plot showing yield point elongation, yield strength and Ultimate 
tensile strength 
 
The tensile performance was evaluated by testing three specimens in accordance with 
ASTM E8. As expected there is very little variation in the data and the following 
important data could be extracted: 
l  Average TS   = 329.43MPa 
l  Average YS   = 342.85MPa 
l  Average Elongation = 30.3% 
 
Table 4.6 shows the hardness and yield strength results estimated for the various 
samples analyzed. 
YS 
YPE Max stress (TS) 
Fracture stress 
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Table 4.6: Hardness and estimated yield strength results 
Original 800W laser power 1200W laser power 
Line energy - 600J/M 750J/M 900J/M 600J/M 750J/M 900J/M 
oHV  149 411 442 433 435 466 448 
HV∆  - 262 293 284 286 317 299 
yoσ  MPa 342.85 - - - - - - 
yσ∆  MPa - 602.86 674.19 653.49 658.09 729.42 688 
Estimated σy 
MPa 
- 945.71 1017.04 996.34 1000.94 1072.27 1030.85 
60% of σy(est) 
MPa 
205.71 567.43 610.22 597.81 600.56 643.36 618.51 
 
From the results in Table 4.6 it is clear that there is also a yield strength gradient 
through the thickness of the specimens. Hardened samples have much higher yield 
strength than the original sample. The row indicating 60 percent of yield shows the 
maximum magnitude of allowable residual stress measurements with only a small 
percentage of error present. 
 
Conclusions 
l  Different heating temperature and air cooling treatment can be used to obtain a 
very similar microstructure – fine pearlite and ferrite, which causes the similar 
character and microhardness. The temperature affects the uniformity extent and 
fineness of the pearlite structure. 
 
l  After normalizing treatment it was observed that the microstructure had changed 
when compared to the original specimen’s. The microstructure is composed of 
ferrite and refined pearlite. Owing to the thin lamellar structure of fine pearlite, 
the microstructure was difficult to resolve at 1000× magnification. Due to the fine 
lamellar structure, its hardness is a little higher than coarse pearlite. Machining 
and cutting capability also was improved. 
 
l  From the microstructure Figures, fine pearlite in the normalized samples were 
evident. Due to the difference in heating temperature of these samples, their 
microhardness is different which is dependent on the fine pearlite lamellar 
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structure. In the higher temperature range, it was noted that the lower 
transformation temperature induced a higher nucleation rate. Also, since fine 
pearlite forms in a lower temperature range, it will be finer and hence harder. So, 
if the heating temperature was over 940°C for this type of alloy steel, the 
nucleation rate was reduced, and the coarse structure obtained which lead to a 
microhardness decrease. 
 
l  Lath martensite was obtained due to the low carbon equivalent of this type of 
alloy steel. 
 
l  The quenched samples hardness results vary to a great degree, the reason being 
the hardness of martensite. The hardness of martensite is determined by the 
carbon percentage of austenite, the higher carbon content austenite can obtain 
higher hardness martensite. The carbon solubility of austenite is increased with 
heating temperature rising. This result showed that the martensite hardness 
increased with the heating temperature rising. 
 
l  As can be seen from Figure 4.11 to Figure 4.14, the percentage martensite in the 
microstructure varied. The reason for this was the insufficient heating temperature 
which caused the samples not to austenitize entirely and resulted in a low carbon 
solubility factor. These two factors revealed that some ferrite remained in the 
structure with martensite after quenching. From the pictures, Figure 4.11 to Figure 
4.14 it can be seen that the remaining ferrite decreased while the martensite 
content increased as the temperature rose. 
 
l  The heating temperature is the key of the thermal hardening process. The 
optimum temperature caused the structure to austenize completely, and a high 
carbon content austenite prevented austenite crystal growth. A temperature of 
980°C is the optimum hardening temperature for AISI 1518 alloy steel. 
 
l  There are three layers in the hardened zone: a complete hardened layer, a 
transition layer and an interim layer. The temper layer changed slightly with line 
energy change. 
 
l  Because the laser beam’s velocity was lower for 900J/m line energy specimens 
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(for both 800W and 1200W power settings), the high temperature conducted into 
the material. It also resulted in a coarser martensite structure than the other line 
energy samples. As a result their hardness was reduced, although the martensite 
percentage was the highest in each group, its hardness was not the highest. The 
600J/m line energy specimens contained ferrite in the hardened zone which 
decrease its hardness. As for the above two reasons, the highest hardness appears 
in 750J/m line energy specimens. 
 
l  From these results it is evident that is was possible to improve the hardening 
effect using various laser parameters. The optimum set of parameters will be 
dependent on the mechanical properties required. Microstructure change due to 
the heat is invevitable for steel. 
 
l  Specimens of similar hardness, temperature and residual stresses results were 
produced by the following setting: 
u  800W, 900J/M line energy, 15mm/s scanning velocity, 4mm beam diameter 
u  1200W, 600J/M line energy, 33mm/s scanning velocity, 4mm beam diameter 
The reason for this is that a similar temperature can be produced by these two 
different parameter settings. 
 
l  Residual stress analysis is a very complex process. The average stress method is 
only an approximate method and results should not be used as absolute values. 
The measuring point was at the same location for all the samples. The surface 
indicated an evident compressive residual stress for all the samples. The hardened 
samples have much higher magnitude of compressive stress than the original 
sample. A good correlation in distribution profile was obtained between 
microhardness and relieved residual stress distribution. This result indicated that 
there is a direct relationship between microhardness and relieved residual stress 
i.e. when residual stress increased, so did microhardness. 
 
l  From these results it is clear that the laser surface hardening process can 
complement various manufacturing processes. High laser power caused a deeper 
heat penetration in the sample with resulted in a deeper hardened depth.  This 
will lead to an enhancement of manufacture efficiency. Nd-YAG lasers have a 
better absorptivity than CO2 laser, but its power is much lower. 
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Chapter 5 
Final Conclusions and Future Work 
5.1 Introduction 
The aim of this investigation was to establish the optimum process parameters for 
Laser Surface Hardening and to characterize the effect of the laser surface hardening 
process on the material’s mechanical properties and structural integrity. All of the 
results have been discussed in the previous Chapter and the main objective has been 
met. 
 
5.2 Final Conclusions 
The final conclusions of this investigation are summarized as follows: 
 
l  Laser materials processing is a common manufacturing process in industry. Laser 
surface hardening was the first industrial laser heat treatment process. In order to 
improve the efficiency of laser surface hardening in industrial manufacturing, the 
process parameters, material properties and initial cost are all important 
considerations that need to be investigated and analyzed. 
 
l  The literature study and experimental setup indicated that the parameters to 
analyze during laser surface hardening are the laser power (P), scanning velocity 
(v) and beam diameter (mm). The dimension of sample and laser beam profile 
(energy distribution) was kept constant. Microstructure and residual stress change 
are important to note by the steep temperature gradient during the heating and 
cooling cycle. 
 
l  During hardness testing, the highest hardness was measured on the 800W laser 
power and 750J/m line energy sample. It has proved that the low power setting 
can obtain higher surface hardness than high power through optimum process 
parameters. 
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l  Maximum temperatures observed on the various samples are indicated as follows: 
 
800W laser power:  1166.6°C 
1200W laser power:  1498.5°C 
 
All the temperatures are higher than for furnace hardening, but due to rapid 
heating and the fast cooling rate of all samples no surface melting occurred. 
 
l  The microstructure after the hardening process consisted of lath and some needle 
martensite at the surface. This structure indicated a maximum hardness of 466HV 
vs. 149HV for the original material. 
 
l  The original plate showed a slight compressive relieved residual stress at the 
surface and mass tensile residual stresses in the bulk of the material. 
 
l  There was a good relation between the microhardness profile and the relieved 
residual stress profile vs. depth below the scanning surface. 
 
l  Laser surface hardening can successfully enhance material surface hardness 
compared to conventional hardening. And it can economise cost through optimum 
process parameter selection.  
 
5.3 Future Work 
Laser surface hardening can improve the surface character of components. It is 
important to know a material’s properties and microstructure beforehand in order to 
choose proper process parameters. Future work will enhance the processing extension, 
and is summarized as follows: 
 
l  Large area surface hardening process: 
n  Investigate the relationship between different scanning line sequence and 
microstructural changing to optimize the process; 
n  Overlap region analysis which should include change in hardness, 
microstructure and residual stress. 
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l  Hardening three dimensional shapes: 
n  Establish the correct heating cycle and Robot control to harden a three 
dimensional sample; 
n  Control of mechanical properties and microstructure. 
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Appendix A 
The typical data reduction coefficients for RE, UL and UM residual 
stress rosettes 
 
Supplied by Micro-Measurements are shown below. The solid lines apply to 
full-depth blind holes and the dashed lines to through holes assuming, in both cases, 
that the initial residual stress is uniform with depth. 
 
      
 
Data-reduction coefficients and for RE and UL rosettes, as functions of 
non-dimensional hole depth and diameter. The coefficients are derived from 
finite-element studies by Schajer (Mordfin, M) (Wedgewood, A.), for uniform stress 
with depth, and are used here to calculate equivalent uniform stress. 
 
      
Numerical values of coefficients a  and b .(Adapted from ASTM 
E837-94(a)) 
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Nomenclature: 
 
D0        = hole diameter  
D       =gauge circle diameter 
Z       =depth of hole 
;     =geometric constants as determined by ASTM 837-94(a)  
a ; b     =data reduction coefficients 
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Sample holder dimension and its 3D image 
 
 
Sample was fixed to the holder
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Tensile testing specimen’s action parts 
 
 
 
3D image of tensile testing specimen’s image 
 
 
 
 
Length of grip section 
Gauge length 
Length of reduced section 
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Image of 900J/m line energy for 800W laser power 
 
 
Image of 750J/m line energy for 800W laser power 
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Image of 600J/m line energy for 800W laser power 
 
 
Image of 900J/m line energy for 1200W laser power 
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Image of 750J/m line energy for 1200W laser power 
 
 
Image of 600J/m line energy for 1200W laser power 
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Appendix E 
Original plate 
Depth(mm) e1(e) e2(e) e3(e) σmax(Pa) σmin(Pa) Angle(º) 
0.01 3 4 5 -2510634 -3304468 0 
0.03 6 9 3 -1388252 -5153738 35.78253 
0.06 11 15 7 -4031666 -9052315 35.78253 
0.10 16 21 15 -9074714 -1.3E+07 42.40279 
0.14 5 9 1 329661.1 -4690988 35.78253 
0.20 -3 -21 -59 34334717 10732326 9.826912 
0.27 -15 -40 -87 52012454 22130101 8.495412 
0.34 -29 -43 -104 65903584 30772492 16.037 
0.43 -32 -46 -117 74463899 33842382 16.92267 
0.53 -33 -51 -126 79435035 36140124 15.75213 
0.63 -34 -52 -132 83346037 37317336 16.15981 
0.74 -35 -55 -135 84929510 38641414 15.48188 
0.87 -35 -57 -139 87067494 39410982 14.99082 
1.0 -37 -59 -142 89155899 40957016 15.07727 
1.14 -39 -60 -147 92719494 42481635 15.71478 
1.30 -40 -63 -151 94945760 43889808 15.17631 
1.46 -40 -62 -151 95148610 43686958 15.55767 
1.63 -39 -61 -149 93785905 42869000 15.48188 
1.81 -40 -62 -150 94512793 43595887 15.48188 
2.0 -40 -63 -151 94945760 43889808 15.17631 
800W laser power 600J/m line energy plate 
Depth(mm) e1(e) e2(e) e3(e) σmax(Pa) σmin(Pa) Angle(º) 
0.01 1 
 
0 0 -82781.1 -644107 -22.5 
0.03 3 
 
2 -1 160645.9 -1614422 13.28253 
0.06 6 
 
3 1 -1532163 -3556051 -5.65497 
0.10 19 5 3 -4026594 -1.2E+07 -18.4349 
0.14 33 7 4 -6101776 -2.1E+07 -19.209 
0.20 43 9 -1 -5317928 -2.5E+07 -14.3052 
0.27 41 10 -13 657300.7 -2.1E+07 -4.21348 
0.34 31 -6 -60 28912035 -7832290 5.290818 
0.43 -4 -60 -204 1.19E+08 32232337 11.87475 
0.53 -60 -159 -295 1.76E+08 81810293 4.473792 
0.63 -97 -205 -360 2.19E+08 1.13E+08 5.066106 
0.74 -123 -246 -400 2.45E+08 1.35E+08 3.192796 
0.87 -143 -280 -432 2.66E+08 1.52E+08 1.485582 
1.0 -153 -307 -457 2.82E+08 1.61E+08 -0.37692 
1.14 -106 -322 -472 2.92E+08 1.68E+08 -1.1013 
1.30 -163 -325 -477 2.95E+08 1.7E+08 -0.91204 
1.46 -163 -334 -485 3E+08 1.71E+08 -1.77709 
1.63 -168 -336 -488 3.02E+08 1.75E+08 -1.4312 
1.81 -168 -333 -485 3E+08 1.74E+08 -1.17418 
2.0 -168 -334 -486 3.01E+08 1.75E+08 -1.26041 
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800W laser power 750J/m line energy plate 
Depth(mm) e1(e) e2(e) e3(e) σmax(Pa) σmin(Pa) Angle(º) 
0.01 4 4 3 -2263444 -2824770 22.5 
0.03 6 3 0 -989912 -3371415 0 
0.06 10 4 -2 -526048 -5289054 0 
0.10 36 6 1 -4911398 -2.2E+07 -17.7688 
0.14 58 8 2 -7672816 -3.6E+07 -19.0786 
0.20 86 20 7 -1.5E+07 -5.3E+07 -16.9286 
0.27 97 23 7 -1.7E+07 -5.9E+07 -16.3998 
0.34 92 7 -35 5893433 -4.7E+07 -9.3526 
0.43 41 -30 -108 53953683 -5252201 1.344885 
0.53 12 -113 -196 1.09E+08 24761160 -5.70792 
0.63 -13 -160 -266 1.52E+08 50535794 -4.60253 
0.74 -28 -210 -310 1.81E+08 64560703 -8.10669 
0.87 -32 -240 -348 2.04E+08 72330515 -8.78014 
1.0 -44 -260 -367 2.17E+08 81721731 -9.32377 
1.14 -46 -272 -382 2.26E+08 85009850 -9.52331 
1.30 -48 -275 -385 2.28E+08 86574605 -9.57302 
1.46 -51 -275 -386 2.29E+08 88660965 -9.31997 
1.63 -51 -279 -388 2.3E+08 88624097 -9.72446 
1.81 -55 -280 -388 2.31E+08 90958484 -9.6795 
2.0 -55 -281 -389 2.32E+08 91068799 -9.72899 
 
800W laser power 900J/m line energy plate 
Depth(mm) e1(e) e2(e) e3(e) σmax(Pa) σmin(Pa) Angle(º) 
0.01 2 -3 -2 1431105 -1431105.1 -28.154966 
0.03 3 -1 -3 1255162 -1255162.2 -9.2174744 
0.06 6 -5 -3 2047574 -4228237.3 -27.652423 
0.10 25 0 -1 -1700472 -15744835 -21.354695 
0.14 38 2 2 -4433895 -24641617 -22.5 
0.20 51 15 5 -9866430 -30839286 -14.737945 
0.27 61 26 11 -1.5E+07 -36855282 -10.900705 
0.34 63 21 7 -1.3E+07 -37866545 -13.282526 
0.43 52 0 -23 5418467 -26498213 -10.569912 
0.53 27 -35 -100 51742674 1320134.4 0.676596 
0.63 -7 -74 -166 94818378 30933210 4.4678069 
0.74 -33 -110 -230 1.36E+08 55568897 6.1565317 
0.87 -40 -132 -272 1.6E+08 66376983 5.8446846 
1.0 -41 -146 -300 1.76E+08 71621803 5.3565615 
1.14 -44 -150 -322 1.9E+08 76315464 6.6776705 
1.30 -45 -150 -330 1.95E+08 77805076 7.3717814 
1.46 -49 -152 -332 1.97E+08 80266555 7.6104254 
1.63 -51 -155 -335 1.99E+08 81943873 7.4908163 
1.81 -54 -157 -339 2.02E+08 84140020 7.7465001 
2.0 -56 -158 -340 2.02E+08 85368077 7.8660024 
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1200W laser power 600J/m line energy plate 
Depth(mm) e1(e) e2(e) e3(e) σmax(Pa) σmin(Pa) Angle(º) 
0.01 1 1 -1 561325.6 -561326 22.5 
0.03 1 -1 0 264137.2 -991025 -35.7825 
0.06 6 -3 1 220100.8 -5308315 -34.4812 
0.10 15 0 3 -2248675 -1.1E+07 -28.155 
0.14 31 3 5 -5205400 -2.1E+07 -24.5428 
0.20 55 14 9 -1.2E+07 -3.5E+07 -19.0235 
0.27 64 18 11 -1.4E+07 -4E+07 -18.1737 
0.34 71 26 14 -1.8E+07 -4.4E+07 -15.0343 
0.43 75 20 -17 -2475379 -4E+07 -5.5351 
0.53 59 -30 -150 75005019 -8858230 4.218452 
0.63 -6 -132 -314 1.78E+08 54174686 5.152423 
0.74 -60 -212 -407 2.39E+08 1E+08 3.532021 
0.87 -95 -280 -429 2.57E+08 1.24E+08 -3.07592 
1.0 -117 -312 -451 2.74E+08 1.39E+08 -4.75897 
1.14 -130 -330 -459 2.81E+08 1.47E+08 -6.08899 
1.30 -133 -335 -463 2.84E+08 1.49E+08 -6.31953 
1.46 -135 -341 -467 2.87E+08 1.51E+08 -6.77397 
1.63 -137 -342 -468 2.87E+08 1.52E+08 -6.71185 
1.81 -141 -345 -469 2.89E+08 1.55E+08 -6.85348 
2.0 -142 -347 -471 2.9E+08 1.56E+08 -6.91559 
 
1200W laser power 750J/m line energy plate 
Depth(mm) e1(e) e2(e) e3(e) σmax(Pa) σmin(Pa) Angle(º) 
0.01 3 -3 -2 1343761 -2070649 -27.2312 
0.03 1 -1 -1 561325.6 -561326 -22.5 
0.06 4 -2 1 65523.87 -3699963 -35.7825 
0.10 13 3 2 -2631032 -8272285 -19.6447 
0.14 26 6 5 -5646492 -1.7E+07 -21.0688 
0.20 44 15 9 -1.1E+07 -2.8E+07 -16.6553 
0.27 63 20 11 -1.5E+07 -3.9E+07 -16.5893 
0.34 75 28 15 -1.9E+07 -4.6E+07 -14.7694 
0.43 81 33 0 -2.2E+07 -5E+07 -14.3699 
0.53 86 13 -43 4442400 -4.4E+07 -6.67436 
0.63 68 -20 -138 66754790 -1.6E+07 4.142899 
0.74 31 -92 -237 1.28E+08 21503640 2.346431 
0.87 -8 -172 -300 1.7E+08 53552062 -3.5142 
1.0 -30 -216 -327 1.91E+08 68956974 -7.08617 
1.14 -33 -235 -362 2.11E+08 76592405 -6.42095 
1.30 -40 -241 -369 2.16E+08 81767719 -6.25518 
1.46 -39 -239 -368 2.15E+08 81125686 -6.08899 
1.63 -42 -244 -373 2.18E+08 83560835 -6.21857 
1.81 -43 -247 -377 2.21E+08 84753877 -6.24624 
2.0 -44 -249 -378 2.21E+08 85393802 -6.40955 
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1200W laser power 900J/m line energy plate 
Depth(mm) e1(e) e2(e) e3(e) σmax(Pa) σmin(Pa) Angle(º) 
0.01 -1 -5 -4 2974421.88 660017.08 -29.518122 
0.03 1 -3 -2 1520646.29 -793758.5 -29.518122 
0.06 3 -8 -7 4553797.61 -1646246.4 -25.097214 
0.10 11 -4 -4 1665834.84 -6754049.4 -22.5 
0.14 27 0 -4 -698605.81 -16019813 -18.286515 
0.20 41 5 0 -4700351.8 -25102048 -18.546419 
0.27 55 11 2 -8111448.2 -33321156 -16.719935 
0.34 67 17 5 -11736324 -40599597 -15.752133 
0.43 75 23 8 -14976306 -45355381 -14.454592 
0.53 77 25 6 -14627665 -45704022 -12.464237 
0.63 71 14 -17 -1415300.9 -37836640 -8.2300074 
0.74 62 -7 -71 29684631 -23142641 -1.0764814 
0.87 24 -52 -160 86492866.3 12363873 4.9329035 
1.0 2 -94 -247 139738170 38349338 6.446872 
1.14 -17 -104 -279 162430126 52728660 9.2830301 
1.30 -23 -115 -300 175381009 59403747 9.2794827 
1.46 -30 -120 -310 182576901 64564948 9.826912 
1.63 -36 -123 -316 187349303 68515199 10.367617 
1.81 -40 -125 -319 189921907 71030810 10.669822 
2.0 -38 -123 -316 187847724 69470554 10.615306 
 
 
 
 
 
 
 
 
